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FIGURE 9.13 The amplitude spectrum of f(x)
as a function of frequency.

The first few numerical values of the amplitudes are

Ap=2356, A;=1.185, A>,=05 A3;=0341, A, =025 As=0202,
As = 0.167, ...,

and the amplitude spectrum of f(x) is shown in Fig. 9.13. In Fig. 9.13 the am-
plitudes Ay, A1, ..., are represented by vertical lines of length Ay, Ay, ..., corre-
sponding to the frequencies 0, 1,2, ....

The phases 8, = Arctan (—b,/a,) are seen to be given by

81 = Arctan (7/2), § = Arctan (—o0), 83 = Arctan (37/2),
84 = Arctan (—o0), &5 = Arctan (57/2),....

The negative sign is required in the arctangent functions associated with phases with
even suffixes so that when the terms A,, cos(2nx + §;,) are expanded, the functions

sin 2nx have a positive sign. ]
Summary It was shown how a Fourier series can be interpreted in a different way by introducing
an angular frequency wo, combining sine and cosine terms with similar arguments into a
single cosine term with a phase angle, and calling the magnitude of the multiplier of the
cosine term the amplitude associated with the cosine term. A discrete plot of amplitude as
a function of frequency was then called the amplitude spectrum of the representation. This
form of representation is useful in many applications involving vibrations, because when the
response of a system is represented in this way, the square of the amplitude is proportional
to the energy in the system at that frequency, so the plot shows the distribution of energy
as a function of frequency.
In the following exercises find the frequency and amplitude 1, —7<x<0
spectrum of the given functi 3 10=17 o
pectrum o € given functions. s <X <T.
[0, 27 <x<0 4.fx={_1’ -7 <x<0
l'f(x)_{x’ 0<x <27, () 1, 0<x <.
2. fx)=x, —-m/2<x<m/2. 5. f(x)=x* —m/d<x<m/4
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9.6  Double Fourier Series
I

Fourier series representations extend in a natural way to functions f(x, y) of two
real variables x and y over theintervals — [y < x < [yand —L, < y < L,,provided
f canberepresented as a Fourier series in x when y is held constant, and as a Fourier
series in y when x is held constant.

To arrive at a double Fourier series representation for f(x, y), we first consider
y to be a constant and write f(x, y) as

- mmx . mux
e =2 (A eos "+ B sin "7 ). )

and then allow y to vary by replacing the Fourier coefficients A,,(y) and B,,(y) by

extending Fourier their Fourier series representations

series to function

f(x, y) of two o0

variables Am(y) = HXZ(; (amn COs —— L, + Dy Sin Lizy> (50)
and
> nmwy nmy
B,(y) = ; (cm,, cos I, + d, sin L—2> .

Substituting (50) into (49) shows f(x, y) can be written as

nmwy X . nmwy
flx,y)= ZZ(am,,cos COS —— L, + byun cos = L sin Lz)
m=0 n=0
niy mmx nwy
+ c sm cos—+d sin sm—). 51
223 (emsin 77 cos T2 - dmsin " sin ) (51

The Fourier coefficients a,,, for m,n =1, 2, ... are found by multiplying (51) by
S” and integrating over the interval —[; < x < [ to get

cos *
STX
A cos — L

f(x y) cos —dx = ZZ

- m=0 n=0

o0 0 T Ly
+ Z by SIN nry / 0S cos de
m=0 n=0 L L —L L i
e nmwy /Ll . mmx  STWX
+ Cnn COS —— sin cos —dx
m2=;) ; L " L, =L Ly L
EX T nry (M mmx  smx
+ yp SIN —— / sin cos —dx . (52
L2 [dmein T [ T e ] 62
The orthogonality of the functions cos “£* and sin ** over the interval —L; <
x < L; reduces (52) to
: f(x,y)cos X g = i asn Ly cos 2 + bgn Ly sin ny (53)
. Y L] = - snta L2 sn L2 .
1 n=0
Multiplication of (53) by cos t”y followed by integration over the interval — L, <
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y < L, reduces it further to

Ly L ¢
/ f(x,y)cos ki cos Lydy =agliL,,
Ly L,

=L, LJ-I,

so replacing s by m and ¢ by n gives

1 L b mrx  nmy
Ay = X, y)cos —— cos ——dxdy form,n=1,2,....
"L Ly /—Lz —L fex) L L, Y

(54)

The coefficient agy follows by setting m = n = 0in (51) and integrating over the
intervals —[; <x < [jand —L, <y < L, to give

apo =

L, pL
/ f(x, y)dxdy. (55)

AL Ly J_p, )1,

It remains to find the coefficients a,,p and ag, for m,n =1,2,.... Setting n = 0 in
(53), integrating over —L, < y < L,, and then replacing s by m gives

1 Lz L]
Ao = X, cos dxd 56
o=sn |, [, e (56)

The coefficients ap, forn = 1, 2, . . . follow by multiplying (5 1) by cos ter_ly ,integrating
over the interval — L, < y < L,, and then replacing ¢ by n to obtain

Ly pL
aop = ﬁ/; . f(x,y)cos nlj:[—zydxdy. (57)
Corresponding arguments show that form,n=1,2, ...,
1 L, Ly y
bun = L / . flx,y) cos L *gin Y dxd (58)
. muX
Com = L, /Lz » f(x, y)sin I cos —dxdy, (59)
1 Ly . y
dpn = L, [Lz » flx,y) sin - L1 Y sin 7 dxd (60)
where
bno=0, ¢y, =0, dy,=0 and du =0, (61)

because the index zero causes the sine function to vanish in the integrands of the
integrals defining these constants.

Thus, the general double Fourier series representation of f(x, y) over the in-
terval -y <x < [jand —L, <y < L, is given by

o nwy mrx . nmy
flx,y)= Z Z (am,, cos 2% cos s + by cOs o sin L—z)
m=0 n=0
o nwy mrx . nmw y)
A Cp sin 7 cos 7Y + dyp SIN sin ——
22 (e g F

(62)

where the coefficients a,,, by, Con, and d,, are given by expressions (54) to (61).
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The following useful special cases arise according as the function f(x, y)iseven
or odd in its variables.

Case (a) f(x, y) Is Even in x and y

Inthiscase f(—x, y) = f(x, y)and f(x, —y) = f(x, y),so only the coefficients a,,,
are nonzero, leading to the double Fourier cosine series representation

= 2 ni
f(x,y) = ap + Z @0 COS I + Za‘)" cos L—zy
" = (63)
A i i Ay COS mrx cos nry
mn L1 L2 .
m=1 n=1

As f(x, y)iseveninboth x and y, both limits of integration in the integrals defining
the a,,,, in (54) to (57) can be changed to give

1 Lz L]
gy = x, y)dxd
00 L1L2/o " f(x,y) Y
Ly plly mmx
= ) d d 3 =1,2,...
Amo L, /0 ! f(x,y)cos I xdy, m
Ly oLy nwy
= ] —=dxdy, =1,2,...
aon L1L2/0 0 f(x, y)cos I xdy, n

4 Ly pla mmx nwy
= , ——dxdy, n=12....
A .5, /0 0 f(x, y)cos L cos L xdy, m,n

(64)

Case (b) f(x, y) Is Even in x and Odd in y

In this case f(—x,y)= f(x,y)and f(x,—y) = — f(x, y) so only the coefficients
b, are nonzero, leading to the representation

ad L ATy A mrgx . nwy
X,y) = bo,, Sin —— + by COS sin —=. 65
fx.y) ; on sin == r; ; mn €08 - I (65)

As f(x, y)is even only in x, the limits of integration for x in integral (58) defining
the coefficients b,,, can be changed to give

2

fp pi
by = / X, y) cOS
m =T ) ), f(x,y)

Y sin 7 axdy
Ly L

(66)

4 /LZ L mmx
X, y)cos
e f(x,y) 2

. hmy
——dxdy.
sin L xdy
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Case (c) f(x, y) Is Odd in x and Even in y
In this case f(—x,y) =—f(x,y)and f(x,—y) = f(x,y), so only the coefficients
cmn are nonzero, leading to the representation

o0

flx,y) = Z Car) sin 7Y + i Z @ sin 77 cos nzzy (67)

m=1 n=1

As f(x,y)is even only in y, the limits of integration for y in integral (59) defining
the coefficients c¢,,, can be changed to give

L, pLy
Conn = e / f(x, y) sin mztlx cos %dxdy
A L (68)
. mmXx nwy
= X, y)sin cos —=dxdy.
L1L2/(; —L =) Ly L, Y

Case (d) f(x, y) Is Odd in x and y

In this case f(—x, y) = — f(x, y) and f(x, —y) = — f(x, y) so only the coefficients
dn, are nonzero, leading to the double Fourier sine series representation

flx,y) = Z Z A sin 77 in 7Y (69)

m=1 n=1 1 L2

As f(x,y)is odd in both x and y, both limits of integration for x and y in integral
(60) defining the coefficients d,,;, can be changed to give

Ly oLy . O muXx
X, y)sin
L fo ! f(x,y) 7

Alp = sin —dxd (70)

Find the double Fourier series representation of f(x, y) = xy over —2 < x < 2 and
—-4<y=<4

Solution The function f(x, y)is odd in both x and y, so this corresponds to the
double Fourier sine series representation of case (d) with L; = 2and L, = 4. From

(70) we have
Ay = 3 / / Xy sm sm Tydxdy

4
=—|:/ xsmmn dx] [/ ysm—dy]
21Jo 0

! [—4<—1>m} [—16<—1>"} _ iy 2

mm nrw mnm?’
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Thus, the required double Fourier sine series representation is

NS 1 . mnx . nmy
— +
flx,y)= - mE:1 nE:l(—l)m " - Sin ——sin

m 4"

for —2 < x <2 and —4 < y < 4. Notice that this same expression describes the
representation of f(x,y)forO0 <x <2and0 <y <4 ]

By analogy with the half-range sine and cosine series of Section 9.3, a function
f(x,y) defined in a region 0 < x <a,0 <y < b can be extended to the region
—a < x <a,—b <y < b either as a function that is odd in both x and y, or as one
that is even in both x and y. If it is extended as an odd function, case (d) applies and
the representation in the first quadrant follows by restricting the result to0 < x < a,
0 < y < b, whereas if it is extended as an even function, case (a) applies, when the
representation is again obtained by restricting the resultto0 < x <a,0 <y <b.

Suppose, for example, a double Fourier sine series representation of f(x, y) =
xy is required for 0 < x <2 and 0 < y < 4. Then extending f(x, y) to the re-
gion —2 < x <2,—4 <y <4 as a function that is odd in both x and y leads to
Example 9.15, so the required representation is given by restricting the
double Fourier sine series of Example 9.15to 0 < x <2 and 0 < y < 4. Similarly,
f(x,y) = xy can be represented by a double Fourier cosine series in 0 < x <2
and 0 < y <4 by extending it as f(x, y) = |x||y|for -2 <x <2 and -4 <y < 4.
As f(x,y) is even in both x and y, case (a) can be applied and the result again
restricted sothat ) < x <2and 0 < y < 4.

A typical plot of a double Fourier series approximation to f(x, y) = xy for
0 <x <2and0 < y < 4 provided by a partial sum of the double Fourier sine series
in Example 9.15 is shown in Fig. 9.14 for the case with m = n = 10. If, instead, the
cosine approximation had been used (see Exercise 6), the plot of the correspond-
ing approximation provided by the partial sum with 7 = n = 10 is shown in Fig.
9.15. The convergence of the double cosine series is seen to be the faster of the
two.

2o — 2
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FIGURE 9.14 A double Fourier sine series approximation to
flx,y) = xy.
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FIGURE 9.15 A double Fourier cosine series approximation
to f(x,y) = xy.

Summary It was shown how an ordinary Fourier series representation can be extended in a natural
way to the expansion of functions f(x, y) of two variables. After the derivation of the gen-
eral expansion result, four useful special cases were examined and illustrated by example.
Unless f(x, y) is simple, the Fourier series approximation of functions of two variables can
require numerical integration when finding the Fourier coefficients, and many terms are
usually required to achieve good convergence, so in general it is necessary to perform such
calculations and to plot the result by computer.

EXERCISES 9.6

L Bysettingy = lin f(x,y) = ¥’y,with—7 =x <mand 4. f(x,y) =" for—w <x=wand-m <y<=n.
—m <y < m,show that the double Fourier series repre- 5% f(x,y) =sign(xy), for—r <x<mand—-nw <y<mn,
sentation of f(x, y) reduces to the ordinary Fourier se- where signu = 1ifu > Oandsignu = —1ifu < 0.
ries representation of f(x) = x? for —7 < x < 7 given 6.5 f(x,y)=|xy|, for-2<x<2and-4<y<4
b ’ an . for - and

y 7% f(x,y) =sign (xy) +xy, for - <x <7 and —r <
72 e COS mx y=m.
- 4 _1 m- """ -
fx) 3 + ;( ) ) 8% f(x,y)=ylsinx|, for—7 <x<mand-mw <y <.

9.% BExtend f(x,y)=x)y?, forO0<x<mand0<y<m,
to—nm <x <mwand—n < y < 7 asanodd function, and
hence find a double Fourier sine series representation

2. f(x,y)=xy?, for-m <x<mand -7 <y<m. of f(x,y)forO<x <mand0<y<m.

3. f(x,y)=x’y, for-m <x<mand -7 <y<m.

In Exercises 2 through 9 find and plot double Fourier series
partial sum approximations to the given function.
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TECHNOLOGY PROJECTS

The purpose of these projects is to use computer algebra to generate Fourier series for continuous

and discontinuous functions, to use computer graphics to examine their convergence to the functions
they represent, and to explore the nature of the Gibbs phenomenon.

Project 1

Finding Fourier Series and Plotting
Partial Sums

Use computer algebra to find the first 11 terms
ap, di, ..., as, by, by, ..., bs of the Fourier series of

f(x) = (n* —x*)e *sinx for —7 < x <.

Plot the approximation to f(x) obtained by using
(a) the terms involving ay, a1, a», by, and b, and (b) the
11 terms involving ay, . .., as, by, ..., bs in the partial
sum approximation, and compare the results with the

graph of f(x).
Project 2

Examining the Gibbs Phenomenon

Use computer algebra to find the Fourier series rep-
resentation of the function

f(X)={

sinx -1, —-w<x<0

sinx +1, O0<x <.

By plotting the partial sum representations of
f(x) using different numbers of terms, demonstrate
the persistence of the overshoot and undershoot
caused by the Gibbs phenomenon as the number of
terms in the approximation increases.

Project 3

The Complex Fourier Series

Use computer algebra with the complex Fourier series
representation of a function to verify the coefficients
¢, and ¢y,—1 found in Example 9.12. Plot different par-
tial sum approximations to f(x) and, as in Project 2,
demonstrate the persistence of the Gibbs phenomena
as the number of terms in the partial sum approxima-
tion increases.

587



This Page Intentionally Left Blank



CHAPTER

Fourier Integrals and
the Fourier Transform

ourier series enable functions and solutions of linear systems defined over afinite interval

to be represented as an infinite series of sines and cosines. This suffices for many physical
problems, but often the interval involved is either semi-infinite or infinite, in which case a
somewhat different representation becomes necessary. This happens, for example, when
working with the partial differential equations that describe heat conduction and diffusion
in a half-space for which Fourier series cannot be used.

The Fourier integral can be regarded as the limiting case of a Fourier series representa-
tion of a function f(x) defined overaninterval —L < x < L as L — oo. The meaning of the
integral representation when the function to be represented is discontinuous is considered,
and the special cases of the sine and cosine integral representations are introduced.

Fourier sine and cosine transforms are considered, tables of their transform pairs are
given, and the transform of derivatives is discussed. In anticipation of Chapter 18, an
application of the Fourier transform is made to the problem of the one-dimensional time
dependent heat equation.

10.1. . The Fourier Integral

Fourier series has been shown to represent an arbitrary function f(x) over
aninterval — L < x < L, and because the series is periodic with period 2 L the
representation of f(x) in this fundamental interval is repeated by periodicity for
all x outside the interval. However, even if f(x) is defined outside the fundamental
interval, it does not necessarily follow that the function and its periodic extensions
coincide outside the interval. This means that if a nonperiodic function is to be
represented over an arbitrarily large interval, some generalization of a Fourier
series is required.
Letting L — oo in a Fourier series leads to the introduction of a different type
of representation called a Fourier integral representation, where the function f(x)
is defined for all x and need not be periodic. This representation forms the basis
of an integral transform called the Fourier transform that is similar to the Laplace
transform. As with the Laplace transform, one of the the main uses of the Fourier
transform is in the solution of differential equations.

589



590 Chapter 10 Fourier Integrals and the Fourier Transform

the Fourier integral
representation

The derivation of the Fourier integral representation given here is heuristic,
because a rigorous one requires techniques that are not needed elsewhere in the
book. We start from the definition of a Fourier series of f(x) over an interval
—L < x < Lgivenin (18) and (19) of Section 9.1 by writing

f(x)=ao+ Z <an cos % + b, sin ?) (1)
n=1
where

1 [t 1t nTx
ay = ﬁ/—L f(x)dx, a,= Z.[L f(x) cos de,
1t nTX @
b,,:z/_Lf(x)sdex forn=1,2,....

Substituting the Fourier coefficients (2) into Fourier series (1) allows it to be written
in the integral form

nm(u — x)

1 [k RS
f =57 [ fdu+ > | rweos ™ 3)

To proceed further, if the representation is to remain valid as L — oo the first
term must not become either infinite or indeterminate. This will certainly be true
iflimy o f_LL | f(x)|dx is finite, because then the integral involved in the first term
will be absolutely convergent and the first term in (3) will vanish in the limit as
L — oco. From now on we will assume this condition to be satisfied. We can now
write (3) as

nr(u—x)

1 00 L
flx) = ZX_]:/L f(u)cos Tdu. 4)

It is from this point onward that our derivation of the Fourier integral rep-
resentation becomes heuristic, because the arguments used to convert (4) to an
integral over the interval (—oo, 00) are merely intuitive. A careful examination of
the convergence of the double integral involved would be necessary to provide a
rigorous justification.

Setting A, = 7/L, and defining the frequency w, = nx/L, allows (4) to be
rewritten as

1 i A / ' f(u) cos[w,(u — x)]du ®)
T p—) e —L @ '

Examination of (5) suggests it is equivalent to the pre-limit sum approximation
used in the definition of the definite (Riemann) integral of the function

F(u) = %/_LL f(u)cosw(u — x)du.

Using this last result in (5), and proceeding to the limit as L — oo, we obtain

Flx) = % /0 " do [ " F(w) cosw(u — x)du, ©)

which is called the Fourier integral representation of f(x).



Dirichlet conditions

THEOREM 10.1

the fundamental
Fourier integral
theorem
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By defining the functions A(w) and B(w) as

Alw) = % / " fw)coswudu and  B(w) = % / Y fwysinouds. ()

the Fourier integral representation in (6) can be written in the simpler form
[e¢]
flx) = / [A(®) cos wx + B(w) sin wx]dw. (8)
0

The convergence properties of Fourier series recorded in Theorem 9.1 can
be shown to be transferred to the Fourier integral representation of f(x) if, in
addition to the integral of f(x) being absolutely convergent over (—oo, 00), it also
satisfies certain other conditions. These conditions, called Dirichlet conditions, are
as follows:

(i) In any finite interval f(x) has only a finite number of maxima and minima

(ii) In any finite interval f(x) has only a finite number of bounded jump disconti-
nuities and no infinite jump discontinuities.

We now state the following theorem for the Fourier integral without proof.

PETER GUSTAV LEJEUNE DIRICHLET (1805-1859)

A German mathematician who studied under Gauss, was the son-in-law of Jacobi and
succeeded Gauss as Professor of Mathematics at Gottingen. He did much to make some of the
more abstruse contributions by Gauss better understood. His most important contributions

to mathematics were his major contribution to the understanding of the convergence of
Fourier series, and his work on number theory and the theory of potential.

Fourier integral theorem Let f(x) satisty Dirichlet conditions, and suppose the
(sufficiency) conditions that f(x) be both integrable and absolutely integrable over
the interval —oo < x < oo are both satisfied, so each of the integrals ffooo f(x)dx
and [ | f(x)|dx exists. Then

%[f(x +0)+ f(x—-0)]= %/OOO dw/:: f(u)cosw(u — x)du
or, equivalently,
1 o .
SLAG+0) + f(r—0)] = /0 [A(®) cos wx + B(w) sin wx]do,
where
Aw) = © / " flu)coswudu and B(w) = - f " A shends y
T J_o T J-o0

Find the Fourier integral representation of f(x) = e .

Solution The function e~ satisfies the Dirichlet conditions, and [ _|e~|dx =
2, s0 the integral of f(x) = e ! over (—o0, 00) is absolutely convergent. This con-
firms that f(x) = e~"I has a Fourier integral representation.
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The function e ! is even in x, so e~ ! cos wu is also even, and

1 [ 2 [~ _, 2
Alw) = — e " coswudu = — e " coswudu = ———.
T J oo T Jo (1 + w?)

As the function e sin wu is odd in u,

1 [ 2 (™
B(w) = —/ e " sin wudu = —/ e “sinwudu =0,
T J_ 0

00 T

so from (8) the Fourier integral representation of eI is seen to be

a2 [, .
T Jo 1 + w?

PETTTITEIFI Find the Fourier integral representation of
e, x>0
e =1{%

, x<0

and use Theorem 10.1 to find the value of the resulting integral when (a) x < 0,
(b) x =0, and (c) x > 0.

Solution The function f(x) satisfies the Dirichlet conditions and the integral
ffooo | f(x)ldx = f0°° e *dx =1, so as the conditions of Theorem 10.1 are satisfied
the function has a Fourier integral representation.

We have
Alw) 1/00 f(u)cos wud 1/-00 " cos wud !
= — u uduy = — udy = ————
R oo @ T Jo ¢ @ (1 + w?)
and
1 [ 1 [
B(a)): ;\/;oo f(u)Slna)uduz ;/(; e_”Sinwudu: ﬁ

Substituting into (8) shows the Fourier integral representation to be

1 [ i
f(x):—/ COS X +  Sin wxdw for—oo < x < o0.
T 14+ w?

Applying the results of Theorem 10.1 to this integral, we find that

2 f(x) /"O COS wX + w sin wxd ?T’/z i<8
= w = B =
0 1+’ Te ™, x> 0.

When x = 0, this last result is seen to reduce to the familiar definite integral

/"o dw o -
0 1—|—a)2_2

Special forms of the Fourier integral representation arise according to whether f(x)
is even or odd. When f(x) is an even function, f(u) sin wu is an odd function of u,
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so B(w) = 0 and
2 o.¢]
Alw) = — / f(u) cos wudu, 9)
T Jo
so that (8) simplifies to the Fourier cosine integral representation of f(x)
(o.¢]
flx) = / A(w) cos wxdw. (10)
0

Similarly, when f(x) is an odd function, f(u)cos wu is an odd function of u, so
A(a)) = (0and

2 o0
Bw) =~ / ) st (11)
T Jo
causing (8) to simplify to the Fourier sine integral representation of f(x) given by

flx) = /Ooo B(w) sin wxdw. (12)

Summary of Fourier integral representations

(a) Anarbitrary function f(x) satisfying the conditions of Theorem 10.1 has

different Fourier the general Fourier integral representation
integral
representations

%[f(x +0)+ f(x—-0)] = /OO[A(a)) cos wx + B(w) sin wx|dw.
0
(13)

(b) Aneven function f(x) satisfying the conditions of Theorem 10.1 has the
Fourier cosine integral representation

%[f(x +0)+ f(x—-0)] = fooo A(w) cos wxdw. (14)

(¢) An odd function f(x) satistying the conditions of Theorem 10.1 has the
Fourier sine integral representation

[F(x+0)+ F(x —0)] = /0 " B(w) sin wxdo. (15)

N =

where

Alw) = %/_00 f(u)coswudu and B(w)= %/_oo f(u)sinwudu.

(16)
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Summary

Fourier Integrals and the Fourier Transform

The Fourier integral representation of a function f(x) was introduced as the natural ex-

tension of a Fourier series representation as the interval of the representation extends to
become the interval —oo < x < co. A fundamental representation theorem was given and
illustrated by example, and some useful special cases of the theorem were considered.

EXERCISES 10.1

Find the Fourier integral representation of the given func-
tions.

1. The rectangular pulse function f(x)= {(1) :i: i}
(Fig. 10.1). ’

fx)
1

I

\ |

\ \

\ \

\ |

\ \

| |

-1 0 1 X

FIGURE 10.1 Therectangular pulse function.

2. The triangular function

0, x| > a

o= |H(1+5) mezeso

(Fig. 10.2).
X
b(l——), 0<x<a
a
f(x)
b
—a 0 a X

FIGURE 10.2 The triangular function.

0, x| > a .

3. f(x)= {bx/a, Ca<x<a (Fig. 10.3).
fx)
b

|

l

—ai 0 a X

-b

FIGURE 10.3 The truncated straightline function.

0, x <0
4. f(x)=4sinx, 0<x<wn (Fig.10.4).
0, x>
f)
L f(x) =sin x
|
0 /2 b X
FIGURE 10.4 The asymmetrictruncated sine
function.
w/2)cosx, |x|<m/2 .
5. f(x)= {é /2) :x: N nfz (Fig. 10.5).
fx)
/2
f(x)=cos x
—Tt/2 0 n2  x
FIGURE 10.5 The truncated cosine function.
w/2)sinx, |x| <mw/2 .
6. f(x)= {(() /2) :x: - an (Fig. 10.6).
f®) f(x)=m/2sinx
/2 -
\
[
|
| |
—/2 0 /2 X
|
—n/2 -

FIGURE 10.6 The truncated sine function.
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0, x<0 8. The hump function f(x) = 1/(1 + x?) (Fig. 10.8).
7. f(x)=1{cosx, O0<x<m (Fig.10.7). (Hint: Use the result of Example 10.16 with a change of
0, x> notation.)
&) f@)

1 Nx):‘ coS X
1
0 /2 7:5 X /\
I 0 X

-1 FIGURE 10.8 The hump function.

FIGURE 10.7 The asymmetric truncated cosine
function.

10.2 - The Fourier Transform
[

The starting point for the development of the Fourier transform is the complex
form of the Fourier integral representation of a function f(x). To derive this
representation in which f(x) is defined over the interval (—oo, c0), we substi-
tute into (8) of Section 10.1 the expressions for A(w) and B(w) given in (7) to

obtain
1[f()H—O) + f(x=0)] = 1 /oo _/oo f(u)[cos wu cos wx +sinwusinwx]dui|dw
2 T Jo LJ-

1

= - /Ooo :/: f(u) cos{w(u — x)}du]dw

T

_ ! /OOO :/: f(u) cos{ow(x — u)}du]da),

T

where we have used the result cos w(u — x) = cosw(x — u).

As the integrand in the last integral is an even function of w, the interval of
integration with respect to w can be doubled and the result compensated by the
introduction of a multiplicative factor 1/2 to give

%[ Fle+0)+ f(x—0)] = % /_ Z [ /_ Z Fu) cos w(x — u)du:|dw. (17)

The function sin w(x — u) is an odd function of w, so it follows directly that

0= % : [/: f(u) sinfw(x — u)}dui|da). (18)

the complex Fourier
:':ter?-:::Ltation Multiplying equation (18) by i, adding the result to equation (17), and using
s the Euler formula e’ = cos® + i sin, we arrive at the complex Fourier integral
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Fourier transforms
and transform pairs

representation

L0+ 1 -01= 5 [~ | [ ) exptiots = i do.

(19)

The brackets in (17) to (19) were retained to clarify the order in which the
integrations are performed, but they are usually omitted in (19), which then becomes

—[ FGe+0) + f(x —0)] = / / Hemliel — oidio.

(20)

Clearly, the left-hand side of (20) reduces to f(x) wherever the function is
continuous.

To arrive at the definitions of a Fourier transform and its inverse we write
the factor exp{iw(x —u)} in (19) (equivalently (20)) as the product exp{iwx} -
exp{—iwu}. Then, as the inner integral only involves integration with respect to
u, we rewrite (19) as

flx) = \/%_71 /_Z exp{ia)x}[\/%_n /_Z f(u) exp{—iwu}dui|da), (21)

where the left-hand side is to be replaced by (1/2)[ f(x + 0) + f(x — 0)] whenever
f(x) is discontinuous.
If we now define the function F(w) as

F(w) = «/% /jo f(u) exp{—iwu}du,

then because u is a dummy variable it can be replaced by x and the result rewritten
as

F(w) = \/%_n /_Z f(x) exp{—iwx}dx, (22)
so that (19) becomes

1 oo

f(x) i ];oo F(w)expliox}dw. (23)

The function F(w) in (22) is called the Fourier transform of f(x), or sometimes
the exponential Fourier transform, and because integral (23) recovers f(x) from
F(w)itis called the inversion integral for the Fourier transform. As with the Laplace
transform, when working with the Fourier transform the function f(x) and the
associated Fourier transform F(w) are called a Fourier transform pair. A short
table of Fourier transform pairs is to be found at the end of this section.

Various other notations are used to indicate the Fourier transform of f(x), the
most common of which involves representing it by f(), so in terms of the notation
used here, f(w) = F(w).
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Another notation that is often useful involves representing the Fourier trans-
formof f(x)by F{f(x)},sothat F{ f(x)} = F(w),and when this notation is used the
inverse Fourier transform is written F~'{ F(w)} = f(x). In what follows a function
to be transformed is denoted by a lowercase letter, and the corresponding uppercase
letter is then used to denote its Fourier transform. So, for example, F{g(x)} = G(®)
and F{h(x)} = H(w).

The choice of the normalizing factors 1/+/27 in integrals (22) and (23) is op-
tional, and it is chosen here to introduce as much symmetry as possible into the
definitions of a Fourier transform and its inverse. All that is required of the nor-
malizing factors is that their product be 1/(27), so in many reference works the
factor 1/+/27 in (22) is replaced by 1, while the factor 1/4/27 in (23) is replaced by
1/(2m). Itis impossible to achieve complete symmetry in the definitions of a Fourier
integral and its inverse because the exponential factor occurs with opposite signs
in (22) and (23).

When Fourier transforms listed in reference works are used, another source of
confusion can arise because sometimes the signs in the exponential factors occurring
in integrals (22) and (23) are interchanged. When this happens a Fourier transform
obtained using this sign convention can be converted to the one used here by
reversing the sign of w. However, each definition of the Fourier transform and the
corresponding inversion integral conform to the general pattern

Flf(x)} = % /_oo f(x)exp{Ziwx}dx and
(24)

oo

FYF(0)} = % / F(w) exp{Fiox}do,

—0Q

where k is an arbitrary scale factor.

In view of the different conventions that are in use, when working with Fourier
transforms and referring to reference works, it is essential that the normalizing
factor k and the sign convention employed in the exponential factors be established
before any use is made of the results.

When we considered the convergence of Fourier series, the Riemann-Lebesgue
lemma was established the results of which were that

lim / f(x) cosnxdx = lim / f(x) sinnxdx = 0. (25)

n—00
A limiting argument similar to the one used in Section 10.1 when deriving the

Fourier integral representation of f(x) shows that, provided f(x) has a Fourier
transform,

lim [ f(x) coswxdx = ‘ l‘im [, f(x) sinwxdx = 0. (26)

|w|—o00

As the Fourier transform F(w) of f(x) can be written

F(w) = \/Lz_ﬂ[focoo f(x) coswxdx —i [ f(x) sin a)xdx], (27)
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an application of limits (26) in (27) establishes the important property of a Fourier
transform that
lim F(w)= (28)

|w|—00

Find the Fourier transforms of

(a) fx) = {1’ X< ) e = {

0, |x| > a,

1, 0<x<a
0, otherwise,

(©) p(x) =

2+a2

by making use of the standard integral [° $¥2%dx = Ze~l*l (g > 0) and (d)

00 xZ+a?
IH)L 0 1
q(x) = {e otherwise - 111 €ach case confirm that the Fourler transform vanishes as
w — Foo.

Solution
a ) 1 elwa _ p—iwa
(a) F(o e ' dx = [ - ]
( ) V2 —a w21 1
B 1 [2[eiwt — gica B 2 sinwa
T oV 2i “Vr o

As sin wa is bounded, it follows directly that lim,|—.s F(w) =0

L[ e, L (1
(b) G@):E/Oe dx_m< < )

As the numerator of G(w) is bounded, it follows that lim,— . G(w) = 0. This
example shows that although f(x) may be real, its Fourier transform can be
complex.

e—iox cos a)x sin wx

\/_/OOXZ_i_aZ J_/ x2_|_a2 \/_/mx2+a2
The integrand of the second integral is odd, so the value of the integral is zero.
Using the standard result

/-OO COS wx dx _ ze_lwla

oo X2+ a? a

(0 Plo)=

in the remaining integral on the right, we find that

—|wla
P(w) = \/ge — (a>0).

In this case the factor e71*!* ensures that lim|,|_ o, P(w) = 0.

q(x)efzwxdx — efz(wfa)xdx

eIN

i <1 _ ei(wa))
N 21 a—w )
As the numerator of the Fourier transform is bounded, the denominator causes
the transform to vanish as |w| — oo. This example shows that a complex function

can also have a Fourier transform and, in general, that the transform will be complex.
|

(d) Ow) = «/%_n fo
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The fundamental properties contained in Theorems 10.2 to 10.8 that follow are
called operational properties of the Fourier transform. Familiarity with these prop-
erties is essential, because they simplify calculations involving Fourier transforms
and can lead to results that are difficult to obtain without their use.

Linearity of the Fourier transform Let the functions f(x) and g(x) have the re-
spective Fourier transforms F(w) and G(®), and let a and b be arbitrary constants.
Then

Flaf(x) + bg(x)} = aF{ f(x)} + bF{g(x)}.

Proof As the Fourier integral involves the operation of integration, the linearity
property of the transform follows directly from the linearity property of the definite
integral. u

Theorem 10.2 is important when the Fourier transform of a sum of functions
is required, because it is this result that allows each term involved in the sum to be
transformed separately before the results are added.

Find the Fourier transform of 3 f(x) — 2g(x), where f(x) and g(x) are the functions
in (a) and (b) of Example 10.3.

Solution Using the results of Example 10.3 and applying Theorem 10.2, we have
F3f(x) —2g(x)} = 3F({f(x)} — 2F{g(x)}

_ 2 [3sinwa 1 — e ion . -
T w iw

Fourier transform of a derivative of f(x) Let f(x) be a continuous function
of x with the property that lim, .o f(x) =0, and such that f’(x) is absolutely
integrable over (—oo, 00). Then:

@ Ff'(x)}=ioF().
(b) For all n such that the derivatives ) (x) withr = 1,2, ..., n satisfy Dirichlet
conditions, are absolutely integrable over (—oo, 00), and limy_ @~V (x) =0,

FUP ) = (iw)" F(w),
where fU)(x) = d" f/dx".
Proof
(a) Integration by parts coupled with the condition that lim,,» f(x) = 0 gives
1 o ;
f{/x}=—f "(x)e " *dx
FeN == | F®

1 —iwx
= \/T—n[f(x)e
=iow F{f(x)}=ioF (),

oooo _ (=iw) /_ : f(x)e—fwwx]

where the term f(x)e~“*|* vanishes because of the condition limy_,~ f(x) = 0.
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THEOREM 10.4

THEOREM 10.5

(b) The second part of the theorem follows by repeated application of result (a),
and the conditions imposed on f(”(x) are necessary to ensure that its Fourier
transform exists. u

Find the Fourier transform of p’(x) from the Fourier transform of p(x), where p(x)
is the function in Example 10.3(c).

e—\w\a

Solution It was shown in Example 10.3(c) that P(w) = \/Z *—, so it follows from
—|wla

Theorem 10.3 (a) that F{p/'(x)} = iw P(w) = la)\/geT u

Fourier transform of x” f(x) Let f(x) be a continuous and differentiable function
with an n times differentiable Fourier transform F(w). Then

@ P =i [F(w)
and
dn
o F @)

for all n such that lim,|_ o, F®(w) = 0.

b))  F"fx)) =i

Proof The proof of the theorem follows directly by the application of Leibniz’s
rule that governs differentiation under the integral sign. The rule may be stated as
follows:

Leibniz’ rule: Let f(x, w) and 3 f/dw be continuous functions of their variables
with —0co < x < 0o and —00 < @ < oo. Furthermore, let [ | f(x, »)|dx be finite
and |3 f/dw| < h(x) where h(x) is piecewise continuous and such that [ h(x)dx
is finite. Then

% /_: flx,w)dx = /oo %[f(x, w)]dx.

—o0

(a) Using Leibniz’ rule to differentiate the Fourier transform of f(x), we obtain
1 d [~ e ox

e xf(x)e " “*dx.

2x do /—oo ! V2n /—oo f&)

The required result follows from this after multiplication by i, because the expres-

sion on the right is then F{xf(x)}.

(b) The proof for the case whenn > 1follows by repeated application of result (a).
The conditions imposed on x" f(x) and F(w) are necessary to ensure the existence
of the Fourier transform. n

L F()] = (x)e i dx =

Fourier transform of x” f™(x) Let f(x) be a continuous n times differentiable
function. Furthermore, let x f)(x) for r = 1, 2, ..., n satisfy Dirichlet conditions
and be absolutely integrable over (—oo, 00), and let »" F(w) possess an m times
differentiable inverse Fourier transform. Then, provided lim o f"~D(x) =0,

Flxm fO(x)} = (0'"*”;%[60"1” (@)].
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Proof The result follows directly by combining Theorems 10.3 and 10.4, because

I (00 = 0 F{ 100} = 0 Flo),

The conditions imposed on x™ f (”)(x) and o" F(w) are necessary to ensure the ex-
istence of the Fourier transform. ]

The examples that follow illustrate how Theorems 10.3 to 10.5 may be used to
find the Fourier transforms of more complicated functions.

Find the Fourier transform of f(x) = exp(—a®x?)(a > 0).

Solution The function f(x) is continuous and differentiable for all x and

[o¢] o0 1 o0
/ lexp(—a’x?)|dx —/ exp(—a’x?)dx = E/ exp(—u?)du = g,

oo (o] —00

where we have made use of the standard integral f_oooo exp(—u?)du = /m. This
shows that f(x) is absolutely integrable over the interval (—oo, c0), and so f(x)
has a Fourier transform. A straightforward calculation establishes that f(x) satisfies
the differential equation

f +2a°xf =0.
Taking the Fourier transform of this equation using Theorem 10.2 gives
FUf () +2a° Fix f(x)) = 0.

Applying Theorem 10.3 to the first term and Theorem 10.4 to the second term and
cancelling a factor i reduces this to the variables separable equation for F(w),

20°F' + wF =0, where F(w) = exp(—a’x?)e "% dx.

71

When variables are separated, the equation becomes
F 1

w? W2
In F(a)):—4—az+lnA, or F(w)ZAeXp[_T]’

SO

where, for convenience, the arbitrary integration constant has been written in the
form In A. To determine A we use the fact that A = F(0), but

1 Jr 1

exp(—a’x*)dx = — =

N2m a a«/z’

1
FO =
and so

2 1 w?
Flexp(—a®x?)} = F(w) = W Xp{—w} (a > 0). [ |
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EXAMPLE 10.7

finding the Fourier
transform of a
function defined by a
differential equation

Find the Fourier transform of the Bessel function Jy(x).

Solution The Bessel function Jy(x) does not satisfy the absolute integrability con-
dition found in Theorem 10.1. However, this is merely a sufficient condition that
ensures the existence of the Fourier transform of a function f(x), though not a
necessary one. Functions exist that possess a Fourier transform even though this
condition is violated, and Jy(x) is such a function. The function f(x) = Jo(x) is an
even function that is defined for all x and satisfies Bessel’s differential equation of
order zero

xf"+ f+xf=0.

Taking the Fourier transform of the differential equation by using Theorem
10.2 and then applying Theorem 10.5 to the first term, Theorem 10.3 to the second
term, and Theorem 10.4 to the last term, we find, after the cancellation of a factor
i and the combination of terms, that

(1- wz)F/ —wF =0, where F(w) = Jo(X)e_i“’xdx.

’1 oo
v 2 /;oo
This is a linear first order variables separable differential equation that can be
written

F’ w
?da) = / 1 — a)zdwv

so integration gives

1 A .

In F(w) = —5In(1 - ©’)+InA, or F(o)= (RS with 0 < 0® < 1.
In thisequation, the arbitrary integration constant has again been written in the form
In A, and the restriction on ? is necessary because the real logarithmic function is
not defined for negative arguments.

To determine A we use the fact that A = F(0), together with the standard result
Jo° Jo(x)dx = 1 and the fact that Jy(x) is an even function, to obtain

A= F(0) = \/%/OO Jo(x)dx = J%/om Jo(x)dx = \/g

Substituting A into F(w) gives

Fllo(x)} = F(o) = @ml‘[(l - |wl),

where the Heaviside unit step function H(1 — |w|) is necessary because of the re-
striction imposed by the real logarithmic function that requires w to be such that
0 < <1. u

When working with Fourier integrals, as with the Laplace transform, it is useful
to introduce the convolution operation to establish the relationship between the
functions f(x) and g(x) and their respective Fourier transforms F(w) and G(w).

The convolution of functions f(x) and g(x) denoted by f x g is a function
of x, and if the dependence on a variable x in the convolution is to be emphasized,
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relating the
convolution of f(x)
and g(x) and the
product of their
transforms
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it is then denoted by ( f * g)(x). The convolution of f(x) and g(x) is defined as

(x0 = [ " f()gx — 1yde = [ " fx - Dglo)r. (29)

Asslightly different definition of the convolution operation for the Fourier transform
is also to be found in the literature, where it is defined as

(f *g)(x) = J% / : F(Og(x — t)dr.

When this definition is employed, the form taken by the next theorem (the convo-
lution theorem for Fourier transforms) will require modification. This is because its
form will depend on the factor 1/+/27 and the way the constant 27 enters in the
definition of the Fourier transform that is used.

The convolution theorem for Fourier transforms Let the functions f(x) and g(x)
be piecewise continuous, bounded, and absolutely integrable over (—oo, co) with
the respective Fourier transforms F(w) and G(w). Then

(@) FA(f * )0} =21 F{f(x)}F{g(x)}, or F{f x g} =271 F(w) G(w)

and, conversely,

(b) (f % g)(x) = v27 /_ " F(0)Gw)e ™ do.
Proof (a) By definition,
1 * 1 * —iwx
]:{(f*g)(x)} = Z/_oo I:ij /_Oo f(t)g(x —t)e dt:|dx

- [% /_ Z [ f_ Z F()g(x —t)ei“’xdxi|dt,

where the second result follows from the first by a change in the order of integration.
If we set v = x — ¢, this becomes

o]

A0 = 5= [ [F0g)e e drlay

—0Q

= %/ f(t)e""‘”dt/ g(v)e ' dv.

[e0]

However, ¢ and v are dummy variables and so may be replaced by x, causing the
preceding result to become

FU(f )0} = F{f(x)}2m Fg(x)},
showing that
FUS = g)(x)} =2m F{f(x)} Flg(x)}, or F{(f+*g)(x)}=2n F(w)G(w).

Result (b) follows directly from the last result by taking the inverse Fourier trans-
form that causes a factor /27 to cancel. ]



604 Chapter 10  Fourier Integrals and the Fourier Transform

EXAMPLE 10.8

THEOREM 10.7

the Parseval relation
extended to Fourier
transforms

It was shown in Example 10.3(a) that the function f (x):{l’ 1< has the Fourier

. 0, |x|>a
transform F(w) = ,/2 (32e2) 'so by the convolution theorem it follows that

T w

FUf* A} = V2T [\/g (Si“w‘””)]z 22 (Sin:;““) |

Confirm this result by calculating ( f * f)(x) and finding its Fourier transform.

Solution 1In terms of the Heaviside unit step function we can write f(t) =
H(a — |t|) and f(x —t) = H(a — |x — t]), after which consideration of the product
f(t) f(x — t) shows that

—a<t<x+a,(—2a<x<0)
otherwise

rore-n=1{g

and

x—a<t<a, (0<x<2a)
otherwise.

17
fofe-n=14
The required convolution is then given by

[ dt =2a +x,(=2a < x < 0)

and * x) = 0 otherwise.
fxa_adt=2a—x,(0<x<2a) (f = f)x)

(f*f)(X)=:

Taking the Fourier transform of ( f* f)(x), we have

FU(f = )} = LI ' (2a + x)e™"*dx + 20(2a—x)eiw"dx}
0

V2 —2a

B 2 (1— cos2wa
"V w? ’

but 1 — cos2wa = 2 sin® wa, so

.2
FI(f* Nx)) = 2@ (Smw;”") ,

as required. ]

The Parseval relation for the Fourier transform If f(x) has the Fourier transform
F(w), then

f_ : | F(x)Pdx = f " |F(w)Pdo.

o]

Proof Setting x = 0 in result (b) of the convolution theorem gives

| ros-a = [ Fo)Gdo.

o0

As the Fourier transform is defined for both real and complex functions, it follows
from the definition of the transform that F{ f(—x)} = F(w), where the bar indicates
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some useful
properties of Fourier
transforms
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complex conjugation. If we set g(¢) = f(—1), the preceding result becomes

[%f&ﬁhﬂﬁ=[wF@ﬂ%wﬂw%

or
[ i@ = [ iF@Pdo.
and the result is proved. ]

Using the result of Example 10.3(a) and the Parseval relation, show that

* sin® wa
5 dow = ma.
oo @

Solution Substituting f(x) = { b =4 and the corresponding Fourier transform

N 0, |x|>a
F(w) =/ 2(%22) found in Example 10.3(a) into the Parseval relation gives
“ 2 [ (sin® wa 2 [ (sin’wa
/ 12dx=—/ ( 5 )dw, andso 2a=—/ < > >dw (a > 0),
—a T J o o) T J o w
from which the required result follows. ]

The final theorem describes the effect on the Fourier transform of f(x) caused
by scaling x by a factor a, shifting x by a and shifting w by A.

Fourier transforms involving scaling x by a, shifting x by a, and shifting w by A If
f(x) has a Fourier transform F(w), then

O FUf) = Fo/a) @>0)

(i) F{f(x-a)}=e""F(v)
@iii)  Fle™ f(x)} = F(w—2)

Proof Asthe results of the theorem follow immediately from the definition of the
Fourier transform, only result (i) will be proved, and the derivation of results (ii)
and (iii) left as exercises. Starting from the definition of F{ f(ax)} and making the
variable change u = ax we have

F{f(ax)} = \/%_n /_oo flax)e “*dx = % /_oo Fw)e W/ dy

= %F(a)/a)(a > 0). m

Using the function f(x) and its Fourier transform F(w) from Example 10.9, find

(a) F{f(2x)}, (b) F{f(x — 7)}, and (c) F{e™ f(x)}.
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the Dirac delta
function and the
Fourier transform

transforming partial
derivatives

Solution Using the results of Theorem 10.8 we have:
(@ F{f(2x)} = %@(%) 2@(M>
(b) F{f(x— ) = ei”‘”\/g (Sinwwa>
(©) Flei f(x)} = \/g (W) _

The Dirac delta function §(x) was introduced in connection with the Laplace trans-
form, where it was recognized that it is not a function in the usual sense, but an
operation that only has meaning when it appears in the integrand of a definite inte-
gral. Because of its many uses in connection with physical problems described by
differential equations, we now extend its definition in a way that is suitable for use
with Fourier transforms. This is accomplished by defining §(x — a) in a symmetrical
manner about x = a in terms of the integrals

/_oo 3(x —a)f(x)dx = /oo 3(a —x) f(x)dx = f(a), (30)

o0 —

where a is any real number.
This definition allows the Fourier transform of §(x — @) to be represented as

. 1 .
8(x —a)e " Ydx = ——e " (31)

F{d(x —a)} = Wi

1 o
v 27 /;oo
Find the Fourier transform of f(x) = 8(x — a) exp[—b*x*] (b > 0).

Solution By definition

F8(x — a) exp[-b*x*]} = % /Oo 8(x — a) exp[—b°x*]e ™" dx
7T J—o00
= le_n exp[—(a*b* +iwa)]. -

Fourier Transforms of Partial Derivatives
with Respect to x of a Function f(x, t)
of Two Independent Variables

The Fourier transform with respect to x of a function f(x,t) of two independent
variables x and ¢, denoted by F(w, t), is defined as

Flf(x,t)) = F(o, t) = J% [ h f(x, t)e"*dx, (32)

where the prefix suffix x shows the variable that is being transformed.
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heat equation
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In (32) the variable ¢ is not involved in the integration with respect to x, so it
follows that the integral by which f(x, t)isrecovered from F(w, t) and the transform
of partial derivatives of f(x,t) with respect to x obey the same rules as those for
the function of a single variable f(x). Thus, the inversion integral is given by

f(x,t) = F YF(w, 1)) = F(w,t)e' dw, (33)

1 oo
a4 2 v[—oo
and the Fourier transforms of the partial derivatives of f(x, ¢) with respect to x are
given by

ol = GorFo.n (49
F G 0) = i [Flo, 1) G9)
F ol = im e P ) (36)

These results are necessary when using the Fourier transform to solve partial differ-
ential equations involving a function f(x, t) of two independent variables x and ¢
where —oo < x < co. Once the partial differential equation has been transformed,
it becomes an ordinary differential equation for F(w, t), with ¢ as the independent
variable and w as a parameter. When F(w, t) has been found by solving the differ-
ential equation, the solution f(x, t) of the partial differential equation is recovered
from F(w, t) by means of the inversion integral (33).

To illustrate the application of the Fourier transform to a partial differential
equation we take as an example the one-dimensional heat equation, the derivation
of which can be found in Section 18.5. This same partial differential equation was
used when developing applications of the Laplace transform in Chapter 7. The heat
equation that determines the one-dimensional temperature distribution 7'(x, t) on
a plane x = constant at time 7 in an infinite block of metal with heat conduction
properties characterized by the constant « is given by

P*T 10T
ax2 kot

The problem we now consider is finding the temperature distribution through-
out the metal ata time r when at¢ = 0 the one-dimensional temperature distribution
throughout the block is given by

T'(x,0) = f(x),

where f(x) is a prescribed function. Our objective will be to find the temperature
T(x,t) on a plane x = constant at a time ¢ > 0 caused by the redistribution of heat
as time increases.

The Laplace transform cannot be used because when applied to the spatial vari-
able x itis only valid for x > 0, so instead we must make use of the Fourier transform
with respect to x because this applies for —co < x < oo. Taking the Fourier trans-
form of the heat equation with respect to x gives

92T 1 (0T
*f{w}-xfz{a}’
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so if we apply (34) with n = 2, while regarding w as a parameter, this becomes

d A
—w’kF(w,t) = E[F(a), t)], where F(w,t)= T(x, t)e "“*dx.

1 o0
7l
The transform F(w, t) satisfies the ordinary differential equation
F + o’ F =0,
with the solution
F(w.1) = A(0) exp{—’t),

where A(w) is to be determined (remember that w is a constant with respect to ).
As

F(w,t)= T(x,t)e "“*dx,

1 o0
A/ 27‘[ /;oo
it follows from the initial condition that

1 o0 .
F(w,0) = —/ xX)e "“Ydx,
0= —=[ f
but F(w,0) = A(w), so

Flw,t)= «/% /oo f(x')exp{—iwx' — w*ct}dx',

where to avoid confusion in the next step of the calculation the dummy variable x
has been replaced by x'.
Applying the inversion integral to this result gives

T(x,t) = \/% /:)O exp{ia)x}[«/% /jo f(x")exp{—iwx" — w2/<t}dx/]da)

= % /: f(x’)[/: explio(x — x') — a)zlct}da)]dx’.

We show separately that

(oxr)

1 o0
7 [m explio(x — x') — o’*kt}do = o

so the required solution is seen to be given by

T(x,t) = \/g/: f(x')exp {—%} dx'.

OPTIONAL To show that

1 [= 1 Y
E/_mexp{ia)(x—x’)—w%t}dw:,/émm exp{—(x4K);) }

we need to use a complex analysis method from Chapter 15. However, before we
can use this technique, the integrand of the integral on the left must be rewritten.
We multiply the exponential function by e”e~? (that is, by 1), where P is to be
determined later, and as a result obtain

explio(x — x') — w’kt} = e exp{— P + iw(x — x') — w’«t}.
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We now choose P so that the exponent in the exponential can be expressed in the
form —(a — ifw)?. When this is done it turns out that

: / _ +\2
w1 g and p= X
2kt dict
o)
1 oo . / 2
— f explio(x — x") — wkt}dw
27 J oo
1 (x—x)? i(x —x') 2
= — —-—— t) d
o eXp{ det }/weXp{ ( 2kt +w“/'(—) ©
Making the change of variable
i(x —x")
= —_— t,
u N + okt
we find that

1 o0
— / explio(x — x') — w’«t}dw
2 J_

1 (x _ x/)2 1 ic+oo 5
= 5= - = —u?)d
e e - R

where ¢ = (x — x')?/\/(4«t). If we integrate exp{—u?} around the rectangle with
corners located at —R, R, R+ic, and — R+ ic in the complex plane, and proceed
to the limit as R — oo, it follows that the integrals from — R to —R + ic and from
Rto R+ ic vanish, so as exp{—u?} has no poles inside the rectangle, we have

ic+o0 oo
/ exp{—uz}du:/ exp{—uz}du.

The integral on the right is related to the error function erf(v) because

/v exp{—u’}du = gerf(v),
0

where erf(—v) = —erf(v) and erf (c0) = 1.
Thus,

1 o0
— / explio(x — x') — w’kt}dw
27 J_ o

x —x')?
= % exp{—%} } {[erf(oo) — erf(—o0)]
1 (x —x')* 21 1 Jm
T exp{ Akt } ﬁ?z

[ 1 . (x —x")?
= X —
4t P 4kt ’

so we have shown that

1 [ , , 5 /1 (x —x)?
o [m explio(x — x") — wkt}dw = y— exp{ el . (37)
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Summary

Fourier integrals are discussed in references [4.3] and [4.4]. Tables of Fourier
transform pairs are given in references [4.2] and [3.11].

The Fourier transform was introduced and its most important operational properties were
established. The transforms of derivatives and partial derivatives were considered, and
applications were made to functions defined by an ordinary differential equation and also
to the unsteady one-dimensional heat equation. Partial differential equations such as the
heat equation, and the use of integral transforms in their solution, will be considered in
more detail in Chapter 18.

TABLE 10.1 Fourier Transform Pairs

1 o0 :
X F(x)= — x)e ' Ydx
£ == [ s
1. af(x)+ bg(x) aF(w) + bG(w)
2. fO) (i0)" F(w)
drl
3. x" f(x) (i)' — [F()]
do'
m ¢(n) S\m+n a n
4. X" f(x) (@) —[w" F(w)]
do™
1
5. f(ax)(a > 0) —F(w/a)
a
6. f(x—a) e F(w)
7. ™ f(x) F(o— 1)
8. (fxg)x) V21 F(0)G(w)
(convolution theorem)
o0 oo
o. [ i | iF@do
—00 —00
(Parseval relation)
1, |x|<a 2 (sinaw
10. {0’ x| > a (a > 0) - <—w )
o \/7
1, 3 o) l 2 . ol <a
X
0, |lw| > a
1, a<x<b 1 [fetae — gmibe
12. {0, otherwise O<a<b) \/777 (T>
13, [a- I Ixl<a ﬁ 1-coswa
"o, x| >a b1 w?
1 pre e—n\(u\
14. o) (a >0) \/; p
e x>0 1 1
15. {0’ <0 (a >0) T (u+iw>
ax (a—iw)e _ ,(a—iw)b
16. 1€ b<x<.c(a>0) 1 e .e
0, otherwise V2 a—iw

(continued)
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TABLE 10.1 (continued)

f(x)

F(x) = J% /_ Z F(x)e " dx

17. e~ (a > 0)

18. xe™ M (a > 0)

el x| < b
19. {O, x| > b

20. exp(—a’x?) (a > 0)

—X .
1. {e x* x>0

0, x <0
22. Jo(ax) (a > 0)

23. 8(x —a) (a real)

2 a
7 \a? + o?
7\/? 2iaw
7 (a2 + w?)?
\/z sin b(w — a)
T w—a

1 R ?
— exp{——
aﬁ p 4(12

I'(a)
V2r (1 4iw)
2 H(a — |ol|)

7 (a2 — 0?)12

1
—c
V2

—iaw

EXERCISES 10.2

In Exercises 1 through 10 establish the Fourier transform of
the stated entry in Table 10.1.

1. Entry 11. 6. Entry 17.
2. Entry 12. 7. Entry 18.
3. Entry 13. 8. Entry 19.
4. Entry 15. 9. Entry 21.
5. Entry 16.

10. Entry 22, by using the fact that f(x) = Jy(ax) satisfies
the Bessel’s differential equation of order zero

xf'+ f+a’xf=0 (a>0),

together with the standard result [, Jo(ax)dx = 1/a.

11.

12.

Use integration by parts to show that if f(x) has a finite
jump discontinuity at x = a,then F{ f'(x)} = io F(w) —
[ fla+) — fla—)le .

(a) Use the result of Exercise 11 to find the Fourier
transform of f’(x) given that

x, O0=<x<1
fx)= {0, otherwise.

(b) Calculate f’(x) and use entry 12 of Table 10.1 to

find F{ f'(x)} directly. Hence, show that the result ob-

tained by this direct method is in agreement with the

Fourier transform found in (a). So f'(x) = =8(x — 1) +
1, 0<x<1

{ 0, otherwise *

10.3 . Fourier Cosine and Sine Transforms
I

The Fourier cosine and sine transforms arise as special cases of the Fourier trans-
form, according to whether f(x) is even or odd. Let us start by considering the
Fourier cosine transform of f(x) that can be defined when f(x) is an even function
that is absolutely integrable over (—oo, 00), and so possesses a Fourier transform.
Result (22) of Section 10.2 can be written

F(w) = \/%_n /:)O f(x){cos wx — i sinwx}dx, (38)
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Fourier sine and
cosine transforms

inversion integrals

but if f(x) is an even function, the product f(x) coswx is also even, so its integral
over (—o0, 00) does not vanish, though the product f(x)sin wx is an odd function,
so its integral over (—oo, 0o) vanishes, causing (38) to simplify to

Fe(w) = \/% /_: f(x) cos wxdx.

If we use the result f(—x) = f(x) to change the interval of integration to [0, co)
this last result becomes

Fe(w) = \/g /0 " f(x) cos wxdsx, (39)

where the integral on the right is called the Fourier cosine transform of f(x), and
to distinguish it from the ordinary Fourier transform we write Fc{ f(x)} = Fc(w).
The Fourier cosine inversion integral corresponding to equation (23) of Section
10.2 becomes f(x) = Fg'{Fc(w)}, where

2 oo
flx)=4/— / Fe(w) cos wxdw. (40)
T Jo
A similar argument applied to (16) of Section 10.2 when f(x) is an odd function
leads to the result
2 (% :
Fy(@) =] = f ), 41)
T Jo

where the integral on the right is called the Fourier sine transform of f(x) and
we write Fs{ f(x)} = Fs(w). The corresponding Fourier cosine inversion integral
becomes f(x) = }'S’l{Fs(w)}, where

fx) = \/gfooo Fs(w) sin oxdw. (42)

The Fourier cosine transform of f(x) in (39) only involves f(x) for x > 0,
though it was derived from the Fourier transform on the assumption that f(x) was
an even function defined for all x. Consequently, taking the Fourier cosine transform
of an arbitrary function f(x) defined for x > 0is equivalent to transforming an even
function f.(x) obtained from f(x) by setting f.(x) = f(x) for x > 0 and defining
fe(x) for x < 0 by fo(—x) = f(x). Similarly, the Fourier sine transform of f(x) in
(41) only involves f(x) for x > 0, though it was derived on the assumption that
f(x) was an odd function. So, taking the Fourier sine transform of an arbitrary
function f(x) defined for x > 0 is equivalent to transforming odd function f,(x)
obtained from f(x) by setting f,(x) = f(x) for x > 0 and defining f.(x)for x <0
by fe(—x) = —f(x).

Because (40) and (41) have been derived from (22) of Section 10.2, it follows
that whenever f(x) is discontinuous, the expression on the left must be replaced by
(1/2)[f(x +0) + f(x — 0)], because the Fourier cosine and sine transforms have
the same convergence properties as the Fourier transform.



THEOREM 10.9

Section 10.3 Fourier Cosine and Sine Transforms 613

Find Fe{e~*} and Fs{e~**} when a > 0, and use the results with the Fourier cosine
and sine inversion integrals and an interchange of variables to show that

F ! /n e and F, al | Z e
— == — = [=—e .
U2+ a2 2 a %2 + a2 2

Solution By definition

Fele ™} = \/7/ ¥ cos wxdx
:Re\/j{/ e“xei“’xdx} :\/ZRG{ 1, } = E(%)
7| Jo T a—liw T \w +a

2 o0
Fsfe ™™} =/ ;/0 e " sinwxdx
2 o ) 2
=Im,/—i/ e_“xe”"xdx} =\/—(%).
T 0 T \w”+a

Using these results in the Fourier cosine and sine inversion integrals gives

Similarly,

—ax __

e = — ——dw =~
7 Jo o?+a? b1

2a [ coswx 2 [ wsinwx
dw, fora > 0,
0

w? +a?
so after x and w are interchanged, these results become
Caw 20 [ coswx 2 [ xcoswx
e = 2, 24X =— 2, 24
T Jo x“+a T Jo XxX°+a

However,

12 coswx 12 xsma)x
d
}—{x2+a2} / x2+a2 an }—5{ 2+a2} / x2+a2

so combining results gives
1 e X b4
Fel5—=1( =47 d Fsi—5——=1t=,/=¢".
C{x2+a2} \/; a S{x2+a2} \/;e =

Linearity of the Fourier cosine and sine transforms Let the functions f(x) and

g(x) have Fourier cosine and sine transforms, and let a and b be arbitrary constants.
Then

Felaf(x) +bg(x)} = a Fe{ f(x)} + b Felg(x)} = aFc(w) + bGe(w)
and

Fstaf(x) + bg(x)} = a Fs{ f(x)} + b Fs{g(x)} = aFs(w) + bGs(w).

Proof The linearity properties of the Fourier cosine and sine transforms follow
directly from the linearity property of the Fourier transform from which they are
derived. [ |
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linearity of sine and
cosine transforms and
the transformation of
derivatives

THEOREM 10.10

The expressions for the Fourier cosine and sine transforms of derivatives of a func-
tion f(x) areslightly more complicated than those for the Fourier transform because
they involve the initial values of the function and its derivatives.

Fourier cosine and sine transforms of derivatives Let f(x) be continuous and
absolutely integrable over [0, co) and such that lim,_,~, f(x) = 0. Thenif f'(x) and
f"(x) are piecewise continuous on each finite subinterval of [0, 00),

(i) Flf'(x)) =oFs{f(x)} - \/gf(o)
()  F{f'(0)} = —oFc{f(x)}

(i)  Felf'(x)) = —*Felf(x)} - \/gf’(o)
(v)  Fs{f'(x)) = —*Fs{f(x)} + \/gwf(ol

Proof The proof of each result is similar, so only result (i) will be derived in detail
and outlines given for the proofs of the remaining results. To obtain (i) we integrate
by parts and make use of the definition of F¢{ f(x)} as follows:

Felf' (o)} = \/gfooo f'(x) cos wxdx

2 o ®©
= \/i |:f(x) coswx| + a)/ f(x)sin a)xdxi|
T 0 0
2
— 210+ ort .
Result (iii) follows from (i) by replacing f by f’. Result (ii) follows in similar
fashion, and (iv) follows from (ii) by replacing f by f'. ]

When Theorem 10.10 is used in the solution of second order differential equa-
tions, the initial conditions involved will help decide whether to use the cosine or
sine transform. Thus, for example, if f(0) is given but f’(0) is unknown, the Fourier
sine transform should be used to transform f”(x) because result (iv) does not in-
volve f'(0). Conversely, if f(0) is unknown but f’(0) is given, then the Fourier
cosine transform should be used to transform f”(x), because result (iii) does not
involve £(0).

The Fourier cosine and sine transforms have Parseval relations that are analo-
gous to the Parseval relation for the Fourier transform given in Theorem 10.7. To
arrive at the first of these results we consider two functions f(x) and g(x) with the
respective Fourier cosine transforms Fc(w) and Ge(w) and, using the definition of
Ge(w), write

o0 2 [e.e] o0
/ Fe(w)Ge(w) coswxdw = \/j/ Fe(w) cos wxdw / g(x)coswxdx.
0 T Jo 0
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the Parseval relation
extended to Fourier
sine and cosine
transforms
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Changing the order of integration in the expression on the right gives

2 oo o0
\/j/ Fe(w) cos wxdw / g(v)coswvdv
T Jo 0
2 oo [o.¢]
= \/i/ g(x)dx / Fe(w) cos wx coswvdw
T Jo 0

[2 [*1
=,/ / —[cosw(x + v) + cos w|x — v|] Fe(w)dw
T Jo 2

=5 [ W)+ £ v

where use has first been made of the identity cos u cos v = 1[cos(u + v) + cos(u — v)]
and then of the Fourier cosine inversion integral.
We have established the result

f " Fe()Ge(w) cos wxda = % / T e F(x +v) + F(x — vI)]dv.
0 0

Setting x = 0 in this last result shows that

| " Fe(@)Ge(w)dw = Ji " fw)g)dv. (43)
0 0

The Parseval relation for the Fourier cosine transform follows from this result by
identifying g(v) with f(v), for then (43) becomes

f " | Fe(@)Pdo = / " )P, (44)
0 0

where in the last integral the dummy variable v has been replaced by x.
A similar argument involving the Fourier sine transform establishes the corre-
sponding results

| F@Gs@do = [ ro)smar (45)
0 0
and the Parseval relation for the Fourier sine transform
/ | Fs(w)*dw = / | £(x)|2dx. (46)
0 0

We have arrived at the following theorem.
The Parseval relation for the Fourier cosine and sine transforms Let f(x) have the

respective Fourier cosine and sine transforms F¢(w) and Fs(w). Then the Parseval
relation for the Fourier cosine transform is

/0 ~ | Fe(w))?do = /0 - | £(x)|?dx,
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THEOREM 10.12

shifting and scaling
Fourier sine and
cosine transforms

and the Parseval relation for the Fourier sine transform is

/‘X’ | Fs(w)|?dow = /~<>o | £(x)?dx. -
0 0

Results (44) and (46) often provide a simple way of evaluating improper
integrals, as shown by the following example.

Apply result (43) to f(x) = xe™* and g(x) = xe™"*, where a > 0, b > 0, given that

2 (a® — w?)
7 (a2 + w?)?

2 (b —?)

Felf(x)) = and Fc{g(x)} = 2 Bt o))

Solution Substituting into (43) gives
00 2 2 2 2 0
%/ (Cl —w )(b —w ) dw :/ XZe—(a-&-b)xdx’
T Jo ([lz + w2)2(b2 + w2)2 0

and after integrating the expression on the right and multiplying by /2 we find
that

® (a%? — ?)(b* — »?) doe "
/0 (a% + w?)2(b? + w?)? @= (a +b)

This integral can be evaluated by other techniques, but the preceding method is
one of the simplest. u

The final theorem in this section is the analogue of Theorem 10.8, and it is useful
when transforming known Fourier cosine and sine transforms.

Shifting w and scaling x in Fourier cosine and sine transforms Let f(x) have the
respective Fourier cosine and sine transforms Fc(w) and Fs(w). Then

() Felcos(ax) f(x)} = 3{Fe(w + a) + Fe(w — a)}
(i)  Fefsin(ax) f(x)} = 3{Fs(a + o) + Fs(a — o)}
(i)  Fs{cos(ax) f(x)} = ${Fs(w + a) + Fs(w — a)}

(iv)  Fs{sin(ax) f(x)} = 2{Fc(w — a) — Fe(w + a)}

™ Felf@o) = 1 Fe(w/a) (a>0)

o) Folf@o) = 1 Fs/a) (> 0)

Proof (i) Fc{cos(ax)f(x)} = \/gfooo cos(wx) cos(ax) f(x)dx, but

cos(ax) cos(wx) = %[cos{(a + w)x} + cos{(a — w)x}],
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SO

Felcos(ax) f(x)} = %\/g/ooo cos{(a + w)x} f(x)dx

+ %\/g/:o cos{(a — w)x} f(x)dx

= %{Fc(a) +a)+ Fe(ow — a)}.

Results (ii) to (iv) follow in similar fashion, whereas results (v) and (vi) follow from

the definitions of the Fourier cosine and sine transforms after making the change
of variable u = ax. ]

Given f(x) =e % with a > 0, use the results of Theorem 10.12 to find (a)
Fc{cosbxf(x)} and (b) Fs{ f(bx)}, when b > 0.

Solution

(a) Using Theorem 10.12 (i) with

Cax 2 a
Fete ™} = ;<w2+az)’
F bxe '} = L2 : 22 -
cleosbre™} = 5,/ — (m) tovx <m)

/2 a(@? +a® + b?)
"V [(o+b)?+a?][(w— b2 +a?]

(b) Using Theorem 10.12 (vi) with

F —ax\ __ 2 @
ste™) = V ;<w2+az>

_ —abx _1 % wi/b — %(L>
Fs{f(bx)} = Fsfe™ ™} = bV 7 ((w/b)2+02) Vo \w?+a??)

This result is to be expected, as it follows directly from the original result when a is
replaced by ab. ]

gives

gives

When Fourier cosine and sine transforms are used in the solution of partial
differential equations, the function to be transformed is a function of more than
one variable. So, for example, the operation of taking the Fourier cosine transform
of f(x, y) with respect to x, denoted by Fc(w, y), is given by

Felf(x, y)} = Fe(o, y) = \/gfom f(x, y)coswxdx. (47)



618 Chapter 10  Fourier Integrals and the Fourier Transform

transform of partial
derivatives by
Fourier sine and
cosine transforms

another application
to the heat equation

Similarly, the operation of taking the Fourier sine transform of f(x, y) with
respect to y, denoted by Fs(x, w), is given by

yFsif(x, y)} = Fs(x, o) = \/g/ooo f(x, y)sinwydy. (48)

As a variable that has not been transformed only appears as a parameter in the
transform, it follows immediately that the rules for transforming partial derivatives
follow directly from the rules for transforming derivatives of functions of a single
independent variable. As a result, when interpreted in terms of a function f(x, y),
the entries in Theorem 10.10 take the following form.

Fourier cosine and sine transforms of partial derivatives of a function f(x, y)

Fel . 0) = 0B, 0~ 2 10, 1) (49)
sl f (5, 1) = —oFc(@. 1) (50)
Fel (s 0) =~ B, 1) |2 £10. 1) (s1)
Fo G5 0) = B, 1)+ 20f0, 1) (52)

It also follows that when transforming with respect to x partial derivatives of
f(x, y) with respect to y, the function f is transformed and the partial derivative
of f(x, y)with respect to y becomes an ordinary derivative with respect to y of the
transformed function. So, for example,

r {8"f(x, y)} _d"Fe(w, y)
X C - E)
ay" dy"

with corresponding results for mixed derivatives.

To provide a motivation for these results we again anticipate the discussion
of partial differential equations that is to follow in Chapter 18. Our objective now
will be to solve the same initial boundary value problem for the one-dimensional
heat equation that was solved previously by means of the Laplace transform. The
one-dimensional heat equation governing the temperature 7'(x, ¢) in a semi-infinite
slab of metal at a distance x from its plane face at time ¢ is

82T_ 10T

FroiaiaTs 3)
and as before we will seek a solution subject to the initial condition
T(x, 0) =0 (54)
and the boundary condition
TO,)="T, t=>0. (55)

The initial condition (54) says that at time ¢ = 0 all the metal in the slab is at
temperature 7 = 0, whereas the boundary condition (55) says that for ¢ > 0 the
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plane face of the slab of metal is suddenly maintained at the constant temperature
T=1.

As an initial temperature is known, but 9 7/dx is unknown, consideration of
results (49) to (52) suggests that we use the Fourier sine transform because it is
valid for x > 0 and it only requires knowledge of 7'(0, t) = Ty. Accordingly, taking
the Fourier sine transform of (53) with F¢{T(x, t)} = Ts(w, t), we have

]__BZT_l}_aT
Slox2 | —« “S)ar |

so using (52) and regarding  as a parameter (it is independent of ), we obtain

K(—a)sz(a), 1) —i—a)ﬂ]\/g) = %[Ts(a), 1)].

Thus, Ts(w, t) satisfies the linear differential equation

[2
Ti + &’k Ts = ok Ty, | =
b

Ty |2
Ts(w, t) = ;0\/;—1— A(w) exp{—a’«t},

where the arbitrary function A(w) enters as the integration “constant” when
Ts(w, t) is integrated with respect to ¢, during which w behaves as a constant.
Applying the inverse Fourier sine transform to this last result gives

T(x, t)= \/g/ooo {%@ + Aw) exp{—a)zkt}} sinwxdw.

To determine A(w) we now apply the initial condition 7'(x, 0) = 0 to the preceding
result, which then becomes

2 [Ty [2
0= ‘/_/ [_0‘/— + A(a))} sin wxdo.
T Jo w b
This must be true for all w, but this is only possible if A(w) = — %\/g ,and so

T(x,t) = R\/g{\/g/om (M) sinwxda)} .

The bracketed term is the inverse Fourier sine transform of {[1 — exp(—«®?)]/w},
so if we use entry 17 in Table 10.3, the solution becomes

with the solution

X
T(x,t) = Tyerfc { ——1.
() = Toerte {7}
This is the result that was obtained in Section 7.3 (e) (ii) by means of the Laplace

transform. The result agrees with physical intuition because for any fixed x we

have lim,_, o, erfc {5 jﬁ =1, showing that as t — o0, so T(x,t) — T the constant

temperature of the plane face of the metal.
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The Fourier sine and cosine transforms were introduced, their inversion integrals were
stated, and the main operational properties of the transforms were established. The sine
and cosine transforms of ordinary and partial derivatives were derived and applications
were made to the unsteady one-dimensional heat equation.

Summary

TABLE 10.2 Fourier Cosine Transform Pairs

fx)

Fe(w) = \/E/OOO f(x)coswxdx

1. af(x)+ bg(x)
2. cos(ax) f(x)
3. sin(ax) f(x)

4. flax)
5. ()
6. ()

7. /0 )Pz

8. /OOO f(x)g(x)dx

9 1, O0<x<a
" 10, otherwise
1, a<x<b

10. { 0, otherwise

11, x* 10 <a <1)

x, a<x<b
12. {O, otherwise

13. e (a > 0)

14. xe " (a > 0)

15. exp{—ax?} (a > 0)
16. ﬁ(a > 0)
17. Jo(ax)(a > 0)

18. M, o o)
X

aF(w)+bG(w)

HFc(o +a) + Fo(o — a))
1
2

{Fs(a + )+ Fs(a — w)}
%FC(§>(51 > 0)

wFs(w) - \/gf(o)
—w? Fe(w) — \/gf/(o)

[ " | F()Pdo

(Parseval relation)

[o.¢]
/ Fe(@)Ge()do
0
E sinaw
T 1)
\/7 sin bw — sin aw
T 1)
2r
\/j (@) cos il
T ¥ 2
\/2 cos bw + bw sin b — cos aw — aw sin aw
T ?
\/7 a
7\ w? + a?

2 (a® - o?)
7 (a% + o?)?

1 . { wz}
1 ol
N T

T e
3%

2 H(a—w)

7 (a2 — w?)12

EH(LI - w)
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TABLE 10.3 Fourier Sine Transform Pairs

2 (> .
f(x) Fs(w) = \/;/o f(x)sinwxdx
1. af(x)+ bg(x) aF(w)+ bG(w)
2. cos(ax) f(x) %{Fs(w +a)+ Fs(w—a)}

3. sin(ax) f(x) {Fc(w —a) — Fc(w + a)}

1
2
1 [0}
4. f(ax) ;Fs o (a > 0)
5. f'(x) —ofFc(w)
2
6. f"(x) —wst(w)Jr\/;wf’(O)
Oc 2 *© 2
7. [Ciswpas | ir@rdo
(Parseval relation)
[o¢] oo
8 /0 Fx)g(x)dx /0 Fs(0)Gs(@)do
9 1, O0<x<a E 1 —cosaw
10, otherwise T w
{1, a<x<b 2(cosaw—cosbw>
10. . Sf="
0, otherwise T w
2T
1. 2 (0<a<1) \/j (z‘) sin ?
T
2 [0}
12. e (a > 0) P e
2 2aw
13. xe™* (a > 0) \/;m
2 w a)2
14. xexp{—ax} (a > 0) @ayn e
X T
15, —— Zemaw
5 i (a >0) \/;e
16. S5 (120 ﬁH(w —a)
X 2

17. erfc{%}(a>0) %{M}

EXERCISES 10.3

In Exercises 1 through 10 establish the Fourier cosine trans- 5. Entry 13. 8. Entry 16.
form of the stated entry in Table 10.2. 6. Entry 14. 9. Entry 17.
1. Entry 9. 3. Entry 11. 7. Entry 15. 10. Entry 18.

2. Entry 10. 4. Entry 12.
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In Exercises 11 through 15 find the Fourier cosine transform 18. Entry 11. 21. Entry 14.
of the stated function. 19. Entry 12. 22. Entry 15.
1. f(x) = sinx, 0<x<mw 20. Entry 13. 23. Entry 16.
’ — 10 therwise.
’ (()) erwise In Exercises 24 through 28 find the Fourier sine transform
COS X <x<m .
- ) =X= of the stated function.

12. f() = 0, otherwise.

X, 0<x<1 24. f(x) = sin x, Ofxf.n'
13. f(x)=42—x, 1<x<2 0, otherwise.

0, otherwise. cosx, O0<x<wm

1, 0<x<1 5. fx) = 0, otherwise.
14, f(x)=32—x, 1<x<2 X, 0<x<1

0, otherwise. 26. f(x)=492—x, 1<x<2

1-x%, 0<x<1 0, otherwise.
15, f(x) = 0, otherwise. 1, 0<x<1
In Exercises 16 through 23 establish the Fourier sine trans- 27. flx) = g -% 1 ﬁ * 5 2
form of the stated entry in Table 10.3. ’ otherwise.

28, f(x) = 1—x% 0<x<1

16. Entry 9. 17. Entry 10. . =)o, otherwise.
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CHAPTER

M any physical quantities that occur in engineering and science require more than a
single number to characterize them. When describing quantities such as force and
velocity it is necessary to specify both a magnitude and a direction, and these are examples
of vector quantities, whereas the air temperature, which can be specified by giving a single
number, is an example of a scalar quantity. Physical problems are often best described in
terms of vectors, so the objective of this chapter is to develop the most important aspects
of vector differential calculus.

Scalar and vector fields are defined in Section 11.1, and these concepts are then related
to the limit, continuity, and differentiability of a vector function of a single real variable.
The rules for the differentiation of vector functions of a single real variable are established
and used to develop the basic geometry of space curves. The definition of the derivative at
a point on a space curve is used when defining the unit tangent vector T to such a curve,
its curvature «, its principal normal N, and its binormal B.

The integration of scalar and vector functions of a single real variable is developed
in Section 11.2, after which the line integral of a vector function of position F(x, y, 2) is
defined, and by way of example it is then used to define the circulation in a fluid flow and
the flux of a vector function of position.

A directional derivative of a scalar function w = f(x, y, 2) is defined in Section 11.3
where its most important properties are established. The directional derivative is used when
developing the concept of the gradient of f, written either grad f or V f, after which rules
for its use are developed.

The important property of path invariance of integrals in conservative fields is proved
in Section 11.4. The potential function is introduced, a test for a conservative field is given,
and the determination of the related potential function is discussed, all of which concepts
have important applications throughout engineering and science.

The two other vector operators divergence and curl, written div F and curl F, respec-
tively, are defined and their physical meaning is explained in Section 11.5. The properties
of the divergence operator are established, and then used to prove the properties of the
most important combinations of the gradient, divergence, and curl operators.

Applications involving vector operators are often simplified if an appropriate system
of coordinates is adopted. The purpose of Section 11.6 is to establish the forms taken by
the gradient, divergence, and curl operators in a general system of orthogonal curvilinear
coordinates, with special emphasis on cylindrical and spherical polar coordinates.
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Chapter 11 Vector Differential Calculus

Scalar and Vector Fields, Limits,
Continuity, and Differentiability

scalar and vector
fields

Ascalar function F(x, y, z) defined over some region of space D is a function
that assigns to each point Py in D with coordinates (xo, yo, 20) the number
F(Py) = F(xo, Yo, 20)- The set of all numbers F(P) for all points P in D are said
to form a scalar field over D. If P has position vector r, we can write the scalar
field F(x, y, z) in the form F(P) = F(r) to emphasize the fact that a scalar value
F(r) is associated with the position vector r in D. In physical problems P is usually
a point in space, and in addition to depending on P, the function F often also
depends on the time ¢, so then F(P,t) = F(x, y, z,t) and in this case we can write
F(P,t) = F(r,t). A typical example of a time dependent scalar field is provided by
the temperature distribution throughout a block of metal heated in such a way that
the temperatures on its sides vary with time.

More general than a scalar field F(x, y, z) is a vector field defined by a vector
function F(x, y, z) over some region of space D that assigns to each point F in
D with coordinates (xy, yo, zo) the vector F(Py) = F(xo, yo, z0) with its tail at F.
Functions of this type are called either vector functions or vector-valued functions,
and if P has position vector r we can write F(P) = F(r) to emphasize the fact that
in this case a vector F(P) is associated with each position vector r in D. Like scalar
fields, vector fields over D often depend on both position and the time ¢, so then
F =F(x, y, z,t), and in this case we can write F(P,t) = F(r, ). An example of a
time dependent vector field is provided by the fluid velocity vector in the unsteady
flow of water around a bridge support column, because there the velocity depends
on both the position vector r in the water and the time ¢ at which the velocity
is observed. In general, in terms of the unit vectors i, j, and k, a time-dependent
vector-valued function can be defined by setting

E(r,0) = fi(r, )i+ fo(r, 0)j + f(x, Ok, (1)

where the scalars fi(r,t), fo(x,t), and f5(r,t) are the components of F(r, ) that
depend on both position and time and, at a point ry, translating the vector F(ry, t)
until its tail is located at ry.

(a) The scalar function of position F(x, y, z) = xyz> for (x, y, z) inside the unit
sphere x> + y? + 72 = 1 defines a scalar field throughout the unit sphere.

(b) The vector-valued function F(x, y, z) = (x — y)i+ (y — 2)j + (xyz — 2)k, for
(x,y,z) inside the ellipsoid x%/a®+ y*/b* + 72/c®> =1, defines a vector field
throughout the ellipsoid. ]

In order to perform calculus on vectors it is necessary to introduce the idea of
a vector as a function. The simplest example of this kind is a vector F(¢) of a single
real variable ¢, which in terms of cartesian coordinates can be written

F(r) = fi(i+ fL(0j+ (0K, 2
where the components fi(¢), f/>(¢), and f5(¢) of F(¢) are functions of ¢ defined over

some interval a <t < b. Vectors of this type are called vector functions of a single
real variable.
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(®)

FIGURE 11.1 (a) A single turn of a helix. (b) A single turn of a
broken helix.

If F(¢) is regarded as a position vector r(¢) in space, (2) can be interpreted as
a curve in space traced out by the tip of the vector r(¢) as ¢ increases from a to b.
Notice that a sense (of direction) along the curve is determined by the direction
in which r(¢) moves along the curve as ¢ increases. When the components of r(z)
are all continuous functions the curve, or path, traced out by the tip of r(¢) will be
an unbroken curve in space and r'(z) # 0, though the curve will only be smooth if
in addition to the components of r(¢) being continuous they are also continuously
differentiable for a <t < b, but more will be said about this later. If ¢ is allowed to
decrease from b to a, then the sense along the curve is reversed, and this fact will be
important later when line integrals are considered.

(a) When interpreted as a position vector, the vector function of a single real
variable r(¢) = costi+ sinzj + tk for 0 < ¢ < 27 describes a single turn of the space
curve called a helix that is shown in Fig. 11.1(a). The fact that each component of
r(¢) is both continuous and continuously differentiable and |dr/dt| # 0 ensures that
the helix is a smooth curve. The form of the helix can be visualized by recognizing
that, as z increases, so the projection of r(¢) onto the (x, y)-plane given by the vector
T(x,y)(t) = costi + sintj moves once in a counterclockwise direction around a unit
circle centered on the origin, while the k component increases linearly with ¢.

(b) The vector function of a single real variable r(¢) = costi—+ sintj+ 6(t +
H(t — )k for 0 <t < 2m, where H(¢) is the Heaviside unit step function, has a
discontinuous k component, and so describes the broken helix shown in Fig. 11.1(b),
where the jump in the k component of r(¢) occurs at t = . ]

It is important to recognize that because vector quantities are independent
of a coordinate system, vector-valued functions and vector fields do not depend
for their existence on any particular coordinate system. The choice of coordinate
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limits and continuity
of vector functions

system used to describe vector functions is usually taken to be the one that is most
appropriate for the geometry of the situation involved. So, for example, when a
vector of interest depends only on distance along a straight axis and on the position
on a circle centered on the axis and lying in a plane normal to the axis, it is natural
to describe it in terms of the cylindrical polar coordinates (r, 6, z).

To make further progress it is necessary to generalize the related concepts of
the limit and continuity of a real function of a single real variable to vector functions
of a single real variable.

Limits and continuity of vector functions of a single real variable

A vector function of a single real variable F(r) = fi(t)i+ f2(t)j + f5(t)k is
said to have L as its limit at #, written lim,_,, F(t) = L, where L = Lji+
sz + L3k, if

lim fi(t) = Ly, th_)nt}) f2(t) = L, and th_)nt}) f3(t) = Ls.

t—1y

If, in addition, the vector function is defined at # and lim,_,,, F(¢) = F(#y), then
F(¢) is said to be continuous at #). A vector function F(¢) that is continuous
for each ¢ in the interval a < ¢t < b is said to be continuous over the interval.
A vector function of a single real variable that is not continuous at a point &,
is said to be discontinuous at 7.

It can be seen from the preceding definitions that the limit and continuity
properties of a parametrically defined vector function can be determined by ex-
amination of the behavior of its components. So, for example, the parametrically
defined vector function describing the helix in Example 11.1(a) is seen to be con-
tinuous, whereas the broken helix in Example 11.1(b) is seen to be discontinuous
at one point because of the behavior of its k component when ¢ = 7.

The notion of a limit of a vector function of a single real variable leads naturally
to the definition of the differentiability of such a function. Returning to (2) we see
that if ¢ is increased to ¢ + At, the change AF produced in F is

AF = F(t + At) — F(z)
= {filt + AD)i+ fo(t + AD)j+ f5(t + Ak} — { fi()i + L(0)j + f3(0)k},

SO
AF (it +A) = A@)N. | (Le+AD) = L@, | ( B+ A) = f[0)
E=< At )l+< At >J+< At >k'

If the functions fi(t), f>(t),and f;(¢) are differentiable, by letting Az — 0 it follows
at once that the derivative of F(¢), denoted by dF/dt, can be expressed in terms of
the derivatives of the components of F(¢) as

df _dfi. dfy. dfs

— =—i+—j+ ="k 3

a = a T add @)
We have arrived at the following definitions of the differentiability of F(¢) and the

derivative dF/dt.
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Differentiability and the derivative of a vector function of a single
real variable

The vector function of a single real variable F(r) = fi(¢)i + £(¢)j+ f5(H)k
defined over the intervala < ¢ < bissaid to be differentiable at a point ¢y in the
interval if its components are differentiable at . It is said to be differentiable
over the interval if it is differentiable at each point of the interval, and when
F(z) is differentiable its derivative with respect to ¢ is

& dfi.  dh. | df

If F(¢) is continuous over a < t < b, but dF/dt is discontinuous at a point #; in
the interval, the derivative dF/dt will only be defined in the one-sided sense

to the left and right of ¢y at the points ¢t =ty — 0 and ¢t = 75 + 0.
When dF/dt is differentiable, the second order derivative d’F/dt?* is

defined as
d*F . d (dF
dr> — dr \ dt

and, in general, provided the derivatives exist,

dF_d (&
dim di \am1) Ott=~

If F(¢) is taken to be a differentiable position vector r(¢), it follows from the
definition of a derivative that dr/dt is a vector that is tangent to the point r(¢) on
the curve I' traced out by the tip of the vector as ¢ increases from t =a to t = b.
This situation, illustrated in Fig. 11.2, shows the relationship between r(¢ + At), ¥(¢),
and Ar before proceeding to the limit as At — 0. It can be seen from this that as
At — 0, so Ar tends to coincidence with the tangent line 7 to the curve I' at the
point r(¢). Furthermore, if r(¢) is a position vector in space and ¢ is the time, dr/dt
is the velocity of the point with position vector r(z) and d’r/dt? is its acceleration.

r T

0

FIGURE 11.2 As At — 0, so the vector
Ar tends to coincidence with the tangent
line 7 to the space curve I' at r(¢).
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THEOREM 11.1

differentiation of
vector functions

Vector Differential Calculus

The differentiability properties of vector functions of a single real variable have
been seen to be determined by the differentiability properties of the components.
Consequently, as F(¢) is a linear combination of its components in the i, j, and k
directions, it follows that the rules for the differentiation of vector functions of a
single real variable follow directly by applying the rules for the differentiation of
a real function of a single real variable to each component in turn. The theorem
that follows summarizes the basic rules for differentiation, and because vectors are
independent of a coordinate system the results can be formulated without reference
to a coordinate system.

Differentiation of vector functions of a single real variable Let u(¢) and v(¢) be
differentiable functions of ¢ over some interval a < ¢ < b, with C an arbitrary con-
stant vector and ¢ an arbitrary constant scalar. Then rules for differentiation of
vector functions of a single real variable over the intervala <t < b are:

dC
@) o= 0 (differentiation of a constant vector)
. d du . _
(ii) E(Cu) =co (differentiation of a vector scaled by ¢)
d d d
(iii) E(“ +v)= d—ltl ES d—: (differentiation of a sum or difference)
(iv) %(u V) = Z—l; ‘vV+u- % (differentiation of a dot product)
d d d
(v) E(“ X V)= d—l: X V4u X d—: (differentiation of a cross product)

(vi) If u(r) is a differentiable function of ¢ and ¢ = ¢(s) is a differentiable function
of s, then

du _duds
ds  dt ds
or, explicitly, if u(t) = u; ()i + u2(¢)j + us(¢)k, then
du duy dt, dup dt. dusdt
—_— = ——1 ——— —_——
ds  di ds ' dr ds° ' dr ds
(the chain rule for differentiation of u(z)).

Proof The proof of each result is straightforward and similar, so only the proof of
result (iv) will be given, and for convenience the vectors u and v will be expressed
in terms of the unit vectors i, j, and k. The proofs of the remaining results will be
left as exercises.

Letting w = uji + upj +usk and v = vii+ v2j + vik, we have

U-V=1uv+ Uy, + usvs.
We now differentiate the scalar function u - v with respect to ¢, using the result

d(uivi) _ duiv‘ u'dVi
e dt ' dt’

fori =1,2,3,
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vector differential
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which when i = 1 can be written

d(uétvli) _ <%l> - (vii) + (i) - (Z‘: i) ’

with corresponding results for d(u,v;)/dt and d(usvs)/dt. Summing the results for
d(u;v;)dt corresponding to i = 1,2,3, we arrive at result (iv), and the proof is
complete. ]

Given thatr(¢) = costi + sin¢j + tk, find the first three derivatives of r with respect
tor.
2 d’r

dr r
Solution — = —sinti +costj + k, — = —costi —sintj, and — = sinti — costj.
dt J dr? ] dr3 J.

Given that u = ti — 2¢j + 1k, v = tj + 3tk and w = ri — ¢°k, find

E[(u - V)W].
Solution The scalar u-v = —2t>+ 33, so (u-v)w = (3t* —263)i — (3t> — 2t*)k,
and so

%[(u -v)w] = (1262 — 6¢%)i — (15t — 8t°)k. m

The concept of a vector differential is often useful, and by analogy with the
real variable calculus, if F(r) = fi(1)i+ f2(1)j + f3(¢)k, the vector differential dF is
defined as

dF = (ﬁi + @j + %k) dr. 4)

A simple and useful application of the vector differential is to the element of arc
length along a space curve I' defined by the position vector r(¢) = x(¢)i + x2(¢)j +
x3(t)k for t > fy. If s is the arc length measured along I' from some fixed point, then
by applying Pythagoras’ theorem to the differential elements

dx1 de dX3
dx1 = Edl‘, dxz = Wdt, and dX3 = Wdt,
itis seen from Fig. 11.3 that the differential element of arc length ds along I' is given
by
1/2
dX1 2 dX2 2 dX3 2
ds = [(E) + (W) + (E) dt, (5)
and so
1/2

ds |dr da\* | (do\®  (dx)

_S = | = | = i b ﬁ S ﬁ . (6)

dt dt dt dt dt
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tangent vector

X3

X

0 X,

FIGURE 11.3 The geometrical relationship between the
differentials ds, dxi, dx;, and dx3.

This result shows that when ¢ is the time and r(¢) is a position vector in space,
% = %| is the speed with which the tip of position vector r(¢) traces out a space
curve I'.

Examination of Fig. 11.2 and consideration of the definition of dr/dt shows

that the unit tangent vector T along I" as a function of ¢ is given by

. dr dr

T=—/|— 7
dt /[ |dt| @)
and as ds/dt = |dr/dt|, this can be rewritten in the form
dr ds
—=—T. 8
dt dt ®)

If r(¢) is a position vector and ¢ is the time, find the velocity, speed, and acceleration
of a particle with position vector r(¢) = a cos wti + a sin wtj, where a and w are
constants, and interpret the results.

Solution Wehave |r(t)| = (a® cos® ot + a® sin® wt)!/? = a, so as the motion is two-
dimensional in the plane containing i and j, it takes place in a circle of radius a with
its center at the origin of the coordinate system. Differentiation of r(¢) gives

dr . . . d2l' 2 . 2 . .

— = —wasinwti+wacoswtj and —— = —w7acoswti — w"asin wtj.

dt dr?
The speed ds/dt = |dr/dt| = wa is constant, and the velocity dr/dt is seen to be
tangential to the circular path, because r - (dr/dt) = 0. The acceleration d’r/dt? is
proportional to r, but oppositely directed, so it is always directed toward the origin.
Figure 11.4 illustrates the relationship between the velocity and acceleration as the
particle moves around the circle at a constant speed wa.
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it’

dr/dt

FIGURE 11.4 Uniform motion around
the circle r = a cos wti + a sin wtj.

In dealing with the geometry of a space curve I, it is often convenient to specify
the position vector r of a point on the curve in terms of the arc length s measured
along the curve from some fixed point, so that then r = r(s). When r is expressed in
this manner the equation r = r(s) is called the intrinsic equation of I". In addition
to the unit tangent T at any point r = r(s) of [, two other important unit vectors N
and B can also be defined at that point.

To arrive at definitions of vectors N and B, we start from the fact that as T is a
unit vector T- T = 1, so differentiating with respect to ¢ and using Theorem 11.1(iv)
we have

dT dT
— . T+T.- — =0.
ds + ds

However, as the scalar product is commutative, this last result is seen to be
equivalent to

dT
D=0,
ds

showing that T and dT/ds are orthogonal. The unit vector N in the direction of
dT/ds at a point r = r(s) on I is called the principal normal to I" at r(s), and so

dT /|dT dT

When the connection between dT/ds and N at a point r = r(s) on I is written
in the form

dT
— =+(N, (10)

the nonnegative number « (s) is called the curvature of the curve I" at r = r(s), and
o(s) = 1/k(s) is called the radius of curvature of the curve I" atr = r(s). AsNis a
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EXAMPLE 11.7

unit vector, taking the modulus of (10) gives
dT
k(s) = ’— . (11)
ds

In the case of a smooth plane curve I', the circle of curvature at a point P on I’
is tangent to I' at P with radius p = 1/k, and such that its center lies on the concave
side of T'.

If the curvature is required in terms of the parameter ¢, the relationship between
k(s) and «(¢) follows from the chain rule

ar _ dTds
dt  ds dt’

showing that
dT ds
—| = —. 12
=05 (12)

Asdt/ds = 1/(ds/dt) = 1/|dr/dt|, this last result can be written in the convenient
form

dT dr
H=|—|/|-—| 13
=% /|5 (13)
Finally, the vector B, defined as
B=TxN, (14)

is called the unit binormal to the curve I' at r = r(s). The three unit vectors T, N,
and B at a point r = r(s) on the space curve I" form a triad of mutually orthogonal
unit vectors whose orientation depends on the location of the point on I'. When
studying the geometry of space curves it proves to be more convenient to use the
unit vectors T, N, and B, whose orientation depends on the point on the curve under
consideration, than a fixed reference system of unit vectors such as i, j,and k. ™

Show that the straight line r(¢) = ati + btj + ctk + C, with a, b, and ¢ scalar con-
stants and C a constant vector, has an infinite radius of curvature at every point.

Solution Differentiation shows that |dr/dt| = (a®> + b*> + ¢*)!/? # 0, and the tan-
gent vector T = dr/dt/|dr/dt| = (ai + bj + ck)/(a*> + b* + ?)'/2, so dT/dt =0,
and N has to be chosen arbitrarily except for T-N = 0. Consequently, from (13)
k(t) = 0, and so the radius of curvature p(t) = 1/k(t) = oo for all . ]

Find T, N, B, and «(¢) for the helix r(¢) = a costi + a sintj + btk.

Solution From ds/dt = |dr/dt| we have
ds/dt = [(—asint)? + (acost)® + b*]Y? = (a* + b*)',



Section 11.1

and so
dr
- & /
By definition,
_dT Jdt
ds ds
and

B=TxN=
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dr — (a? 4 b?)112

_drar
Tdt ds

(a® + b2)112
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1
(—asinti+ acostj + bk).

_dar
Todt

(bsinti — bcostj + ak).

ax
dt ds

dT

— | = —costi — sin tj
dt ]

/

1

A simple calculation shows that |dT/dt| = a/(a® + b*)Y/?, |dr/dt| = (a® + b*)'/?, s0
it follows from (13) that the curvature «(¢) = a/(a®> + b*) for all ¢. This is to be
expected, because the uniform shape of the helix implies that the curvature, and
hence the radius of curvature, are constant along the helix. ]

Summary

Scalar and vector fields have been introduced, vector functions of a single real variable

have been defined, and their differentiability properties have been derived. Applications
to dynamics and the geometry of space curves have been made.

EXERCISES 11.1

In Exercises 1 through 6 find the first and second derivatives
of the function and their values at the given value of ¢.

1. r =t¢sinti+tcostj+ 1k, t=m/2.
2.r=(1+)i+e 2 j+Jtk, t=1.
3.r=2—cos?t)i+sin’tj+ (x — 1)k, t=m/4.

4. r=In(1 +0)i+In(1+r?)j+ ek, t=0.

5. r=(t —sint)i+ (1 —cost)j, t=m/2 (acycloid).
Notice thatris arbitrarily many times differentiable, yet
the cycloid has cusps for ¢t = nrx.

6. r =4costi+3sintj+2tk, t=mn/4
“helix”).

7. Prove result (iii) in Theorem 11.1 by expressing the
vectors in terms of their cartesian components.

(an elliptical

8. Prove result (v) in Theorem 11.1 by expressing the
vectors in terms of their cartesian components.
9. Given that r = ri+3%j — ( — 1)k and ¢ = In(1 + s2),
use result (vi) in Theorem 11.1 to find dr/ds.
10. Given that r = sinti+ costj + tantk and ¢ =2 + 52,
use result (vi) in Theorem 11.1 to find dr/ds.

11. A particle has a position vector at time ¢ given
by

r = t%i + 4 cos 2tj + 3sin 2rk.

Find the component of its velocity in the direction 2i +
j + 2k at time ¢.

12.

13.

14.

15.

A particle has a position vector at time ¢ given by
r =3costi+ 3sintj + (> — 2)k.

Find the component of its velocity in the direction
i+2j—kattime¢.

If ¢(¢) is a differentiable function of ¢ and u(z) is a dif-
ferentiable parametrically defined function of ¢, prove
that

If u, v, and w are differentiable parametrically defined
functions of ¢, prove that

S em=u () v (2 )

d
+d—ltl-(vxw),

where the order in the products must be preserved.

If u, v, and w are differentiable parametrically defined
functions of ¢, prove that

i(11><(v><w))—u>< vxd—w +ux ﬂ><w
dt - dt dt

d
+d—l;><(v><w),

where the order in the products must be preserved.
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16.
17.

18.
19.
20.

21.

22.

11.2

indefinite and definite
integrals of vector

Vector Differential Calculus

If u is a differentiable parametrically defined function
of ¢, prove that

du d (du Py _du(de duy dufdu)’
dt “dt \dt " di*)  dr \dt di s \dt ) -
If u is a differentiable parametrically defined function
of ¢, prove that

() (0 ), )

dr = dt dt)  \dt dr? dr? dr )’
Given that ¢(t) =t*cost and u =sinti+2costj+
(14 £?)1/2k, use the result of Exercise 13 to find £ (¢u),
and confirm the result by direct differentiation of ¢u
with respect to t.

Given that w=2ti—}j+k, v=2i+3tj+rk, and
w = ti+ 2tj — tk, use the result of Exercise 14 to find
%(u - (v x w)). Confirm the result by finding u - (v x w)
and differentiating the result with respect to ¢.

Given that u = i — 1j + £’k, v = —ti + 2tj — t’k, and
w = 2ti — 2tj + tk, use the result of Exercise 15 to
find %(u x (v x w)). Confirm the result by finding u x
(v x w) and differentiating the result with respect to .
Find T, N, B, and « as functions of ¢ for the helix
r(t) = a cos wti + a sin wtj + brk.

By differentiating B =T x N with respect to s, show

that
dB dN
22w
ds s
and then by forming the product N x dB/ds, show that
dB
Nx —=0.
s

Introduce a constant of proportionality called the tor-
sion of the curve I" at P, which by convention is denoted
by —7, and deduce from this last result that
dB
ds —
Finally, by differentiating N = B x T with respect to s
show that

—1N.

dN
— =1B —«T.
5= K
The three equations relating the derivatives of T, N, and
B with respect to s to T, N, B, «, and t found earlier,
namely,
dT dN dB
% :KN, ﬁ :'L'B—KT, and % :—fN,
are called the Frenet-Serret equations, and they are
fundamental to the study of the differential geometry
of space curves.

Integration of Scalar and Vector Functions
of a Single Real Variable

As with real functions of a single real variable, a differentiable vector function of
a single real variable F(¢) will be called an antiderivative of the vector function f(z)
on some interval a < ¢ < b if at each point of the interval dF(¢)/dt = f(t). Because
differentiation of a vector constant yields the null vector 0, an antiderivative of f is
only determined up to an arbitrary additive vector constant C. An indefinite integral
of fis any antiderivative of f to which has been added an arbitrary vector constant.

Indefinite and definite integrals of a vector function of a single real variable

functions of a single
real variable

If F(¢) is any antiderivative of f(¢), then an indefinite integral of the function
f with respect to ¢, written [ f(¢)dt, is

/f(t)dz =F()+ C,

where C is an arbitrary vector constant.
If £(r) = fi()i+ fo(¢)j + f5(¢)k, the indefinite integral of £(¢) is deter-
mined by integrating each component of f(z) with respect to ¢ and combining



arc length along
a space curve
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the results to give
/ fi(t)dei + / f(t)dtj + / f3(¢)dtk = F(r) + C.

The definite integral of f(¢) over the interval a < ¢ < b is defined as

/abf(t)dt = /ab fl(t)dl‘i-l-/ab f(t)drj +/ab £(t)dtk.

Given that f(¢) = sinti + (1 — £?)j + e 7'k, find
2
(a) / f(t)dt and (b) / f(t)dr.
0

Solution
(a) _ : : A —t
f(t)dt = [ sintdti+ [ (1 —t7)dtj+ | e " dtk

1
= —costi + (t — §t3>j —e 'k + c1i + aoj + 3k,
where c1, ¢z, and c3 are arbitrary real constants, so
1
/f(t)dt = —costi+ <t - §t3>j —e'k+C,
where C is an arbitrary vector constant.
(b) 2 2 2 2
/ f(t)dt = / sin rdri + / (1 —t?dtj + / e 'drk
0 0 0 0
2

= (1 —cos?2)i— §J + (1 —e?)k. u
Itis sometimes necessary to find the length of arc between two points on a curve
defined by a vector function of a single real variable. This can be accomplished by

making use of result (6), which showed that the rate of change of distance s with
respect to ¢ along the curve I' defined by

r(1) = x1 (i + x2(0)j + x3(0k

12
ds_ dxy 2+ dx, 2+ dxs 7Y
dt |\ dt dt dt '
Consequently, if the length of arcs = s(t2) — s(#;) between the points corresponding
tot =t and t = t, is required, where #, > t;, integration of this result gives

1/2
2 ds o dx\? dx, \? dxs; \?
=] [(W) () (@) ] @

is given by
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scalar line integrals

so the required arc length is given by the definite integral

o dx\? dxr \? dxs;\? 2
s =s() —s(tr) =/t1 [(W) + (W) + (E) :| dt. (15)

Find the length of arc along the helix r(t) = costi + sintj + atk between the points
corresponding to t = 0 and ¢t = 27, where « is a scalar constant.

Solution Making the identifications x;(t) = cost, x;(t) = sint, x3(¢t) = at, t; =0,
and f, = 27, and substituting into (15) gives

2
s = [(—sint)? + (cost)® + ]V/? dt
0

2
=+1+a? dt =2nv/' 1+ a?.
0

When o = 0 the helix reduces to a circle of unit radius, and as expected s then
becomes the circumference 2 of a unit circle. ]

Let the vector F(x, y, z) be defined along a piecewise smooth space curve I'
along which the arc length is s, and let I" extend from the point r; at which s = s;
to the point r, at which s = s,. Then, if T(s) is the unit tangent vector to I' at arc
length s, an expression of the form

I=f F-Tds

S1

is called a line integral of F, or more precisely, the scalar line integral of F along the
space curve . It follows from (8) that Tds = dr, so the line integral of F along T’
can be written in the simpler form

52
= / F.dr. (16)
S1

Integrals of this type have many applications, two of the most important of
which are described in what follows. The first application is to mechanics, where
when a constant force F moves its point of application a distance d along a straight
line L, the work that is done by the force is W = f;d, where f is the component
of F along the line L. To find the work done by a variable force F(¢) as it moves
its point of application along a parametrically defined curve T, it is necessary to
generalize this simple result by appealing to the notion of a line integral along the
space curve I'.

If the vector differential along I" is denoted by dr, its length |dr| = dr, so the
unit vector T in the direction dr will be T = dr/dr. Consequently, the component
of force F in the direction of dr is given by F- T = (F - dr)/dr, so the element of
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work dW performed by the force in moving its point of application along dr will be

dW=F-<£>dr=F-dr.
dr

Integration of this result shows the work performed by the force in moving its point
of application along I" from r =r; to r =rp, corresponding to s =s; and s = s3,
respectively, is given by the line integral

W= / F - dr. (17)
S1

When r = r(¢) is known as a function of ¢, but # is not the arc length s along ', and
integration is between r = r(f1) and r = r(£,), dr = (dr/dt)dt and (17) becomes

W= o F(x(2)) - (dx/dt)dt. (18)
t(s1)

Integrals of this type arise when particles move in a gravitational field or a charged
particle moves in an electric field. The sign of W depends on the direction of inte-
gration, so reversing its direction changes the sign of W. Work is done by the vector
field F when W is positive, and work is recovered from the field when W is negative.

For the second example we consider the case of fluid mechanics and identify F
with the fluid velocity vector q. In this case a line integral of the form (16) is called
the flow of the fluid along I", because dr = (dr/ds)ds = Tds, where T is the unit
tangent along I', so that q - T is the component of the flow along I'. The circulation
k of fluid is defined as the flow around a closed curve I', so it is given by

k:%qdr:fq-Tds, (19)
r r

where the symbol ¢ . is used to indicate that the line integral of q - dr is taken once
around the closed curve T'.

In fluid mechanics the circulation k describes an important characteristic of the
fluid motion, and it can be seen from (19) that reversing the direction of integration
around I" reverses the sign of T, and so leads to a reversal of the sign of the circula-
tion. The fundamental class of fluid flow in which there is zero circulation around
every simple closed curve I', so that k = 0, is called irrotational flow.

In general, the line integral (16) depends not only on F and the end points
of integration, but also on the path I' along which the integral is evaluated. The
method of evaluating line integrals, and the fact that they usually depend on the
path, is illustrated in the next example.

Find the line integral of F = —yz%i + xz°j + yzk (a) along the helix ' given by
r(t) = costi+sintj + tk from ¢t = 0 to r = 27, and (b) along the straight line path
y joining the points r(0) to r(27).



640 Chapter 11

Vector Differential Calculus

(®)

FIGURE 11.5 (a) The helix I. (b) The straight line path y.

Solution

(a) The helix T is shown in Fig. 11.5(a).
Differentiation of r(z) gives

d in 7i + cos7j + k
— = —sin i+ cos )
d !
but on the helix x = cos?, y =sint, and z = ¢, so in the line integral along I' the
general vector-valued function F becomes the vector function of the single real
variable ¢ given by F(t) = —%sinti + t? costj + ¢ sin k. As a result,

F-dr = (—t*sinti + t* costj + t sintk) - (—sinti + costj + k)dt

= (> + tsint)dt,

and so the required line integral is
2w 2 8
/F~dr=/ F.dr= (> +tsint)dt = 73 — 27
r 0 0 3

(b) The straight line path y shown in Fig. 11.5(b) joins the points r(0) =i and
r(27) =i+ 27k, so in terms of the parameter ¢ its vector equation can be written
r(¢) =i+ tk with 0 < ¢ < 2x. This shows that on the path y we have x =1, y =0,
and z = t, and dr = drk.

Consequently, on y the vector-valued function F becomes F = ¢2j, and so

F.dr =1’ - (dtk) =0,
showing that

/F-dr:O. [ |
%

In the next section, after the introduction of the gradient of a function, we
will find a condition to be satisfied by F in order that the line integral in (16) is
independent of the path I', and so depends only on F and the end points of the
integration.
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FIGURE 11.6 @ = §.F-nds is the
flux of F across I'.

As a final example of an application of line integrals we determine the flux of a
vector F(x, y) across a closed two-dimensional smooth curve I in the (x, y)-plane.
If nis a unit vector normal to I" that is directed outward from I', as shown in Fig. 11.6,
the flux ®r across the curve I' is defined as the line integral

CD]":/F’IldS,
r

where s is the arc length around I" and integration is in the counterclockwise sense
around I'. As F - nis the component of F in the direction of the outward drawn nor-
mal to I, the flux @ is seen to measure the total amount of the normal component
of F that crosses the curve I'.

For a physical illustration of the meaning of flux, let us consider a long block
of metal with its axis in the z-direction in which there is a steady-state temperature
distribution that is only a function of x and y. This means that the temperature
distribution is the same in every plane z = constant. Let us now consider a cylindrical
region in the block of unit height and cross-section I" with its axis in the z-direction.
Then if F is identified with a heat flow vector h(x, y), the flux ®r is the amount of
the heat that crosses the curved walls of this cylinder in Fig. 11.7 in a unit time. If
®r > 0 there is a net outflow of heat from the region bounded by I', and if & < 0
there is a net inflow of heat into the region. When & = 0 the amount of heat in
the region remains constant.

In two space dimensions it is important to recognize the difference between
the circulation and flux of F in relation to the curve I'. Whereas the determination
of the circulation of F involves the line integral of the component of F along the
tangent to curve I with respect to the arc length s, the flux of F involves the line
integral of the component of F normal to (across) the curve I with respect to the
arc length.

To determine the flux we proceed as follows. Let F(x, y) = fi(x, y)i+ f£(x, y)j
and I' have the equation r(¢) = x(¢)i + y(¢)j. Then, as integration around I' is in the
counterclockwise sense, we see from Fig. 11.6 that if T is the unit tangent to I", then
n =T x k. As T = (dx/ds)i+ (dy/ds)j, it follows that

n =T x k=[(dx/ds)i+ (dy/ds)j] x k
= (dy/ds)i — (dx/ds)j,
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X

FIGURE 11.7 A cylinder of unit
height and cross-section I" with its
axis in the z-direction.

and so

o = / F-nds = / (A )i+ Hx. i) - ((dy/ds)i — (dx/ds)j)ds
=Aﬁww@—ﬁwww.

PETTITEEEI Find the flux of F= (2x+ y)i+ (y — x)j across the ellipse with the equation
x?/a® + y? /b = 1.

Solution By setting x =acost and y = bsint¢ and restricting ¢ to the interval
0 <t < 2m, the ellipse is traversed once in the counterclockwise sense as required.
Asdx = —asint dt and dy = bcost dt, substitution into the expression for ® gives

2w
Or = [(2acost + bsint)bcost — (bsint — acost)(—asint)|dt = 3abr. W
0

Finally we define a different integral called a vector line integral of F. To do this
we let a curve I" have the vector equation

r(t) =x@)i+ y(t)j+z()k fora<t<b

and introduce a general vector function F = F(x, y, 2)i + Fa(x, y, 2)j + F(x, y, 2)k
defined along the curve I". Then the vector line integral of F along I' from ¢ = a to
t = bis defined as

/det :i/b Fl(t)dt+j/b Fz(t)dt+k/b F(t)dt, (20)

where F;(t) = F;(x(¢), y(t), z(t)), fori =1, 2, 3.
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Find the vector line integral of the vector function F = xzi + yzj + zk along the
curve r(t) = acosti+ asintj + tk over the interval 0 < ¢ < 7.

Solution
T T b/ /g 1
/ Fdt :i/ atcostdt—i—j/ atsintdt+k/ tdt = —2ai+ maj + Enzk.
0 0 0 0

Indefinite and definite integrals of vector functions of a single real variable have been
defined and illustrated by example. The scalar line integral of a vector F(x, y, z) has been
defined and its application illustrated by considering the work done by a force as it moves
along a space curve between two fixed points. The line integral has also been applied
to fluid flow and used to define the circulation of the fluid, and the related concept of
an irrotational flow for which the circulation around any closed curve in the fluid is zero.
Finally, the flux of a vector across a plane curve has been defined.

EXERCISES 11.2

In Exercises 1 through 4 find the required indefinite and
definite integrals.

1.

(a) f (¢sinti + 367 — 3tk)dt.

(b) /0 2(1n(1 +30)i+ (3 — 2t)j + te'k)dt.

. () /(cosh2 ti + 2sin® 2tj + K)dt.

(b) 2((1 + )i —tsintj — (1 = 3¢*)k)dt.

. (a) /(cos2 3ti + sin’ tj + tk)dr.

(b) / (1 + 3¢%)i + cos 4tj + sin 3rk)dt.
0

- (a) / (t(1 4 t)7ti + sec? 3tj + (12 — 4)k)dt.

4
(b) / (14374 (1 + 22 + Pe'K)dk.
0

. Find the arc length along the circular helix r(¢) =

acosti+ asintj+ atk between the points correspond-
ingtot = and t = 37/2.

. Find the arc length along the curve r(¢) = costi+

sintj + %tzk between the points corresponding tot = 0
and t = 2.

. Given the vector valued function F = —zi + xj — yk,

find the scalar line integral of F along the space curve
r(t) =sinti — costj + e'k between the points on the
curve corresponding tot =0 and ¢ = 7/2.

. Given the vector valued function F = 2yi + x?j — 32k,

find the line integral of F along the space curve r(t) =

10.

11.

12.

13.

ti+ (1 +26%)j + 1’k between the points on the curve
corresponding tot =1 and ¢ = 3.

. Let F be the vector-valued function F = —xi+ yj +

zk. Show that the line integrals of F along the helix
r(t) = sinti+ costj + tk between the points on the he-
lix corresponding to ¢t =0 and ¢ = 27 and along the
straight line path joining the points r(0) to r(2r) are the
same.

Let F be the vector-valued function F =2xy?zi+
2x%yzj + x*y’k. Find the line integral of F along the
straight line T" with the equation r(¢) = ti + 2¢tj + tk be-
tween the points corresponding tot =0 and ¢ = 1. Let
y be the path formed by the straight line segments join-
ing the points PORS, in this order, where P is the point
r =0, Qis the point r = i, Ris the point r = i + 2j, and
S is the point r = i + 2j + k. Find the line integral of F
along y from P to S, and hence show that it has the
same value as the integral along I".

The velocity vector in a two-dimensional fluid flow is
v = yi + x?yj. Find the circulation (a) around the ellipse
x? 4+ ;y? = 1and (b) around the unit circle x* + y* = 1,
and hence show the flow is not irrotational.

The velocity vector in a two-dimensional fluid flow is
v = (2x + 3y?)i + 6xj. Show that there is zero circu-
lation around all the circles (x — a)?> 4+ (y — b)*> = c2,
where a, b, and ¢ > 0 are arbitrary real numbers. Is it
correct to say this proves that the flow is irrotational?
Give reasons justifying your answer.

Find the flux of F = (3x + 2y)i+ (2x — y)j across the
circle x> + y? = 4.



644 Chapter 11 Vector Differential Calculus

. Directional Derivatives and
the Gradient Operator

the gradient of a
scalar function
of position

Consider a scalar functionw = f(x, y, z) with continuous first order partial deriva-
tives with respect to x, y, and z that is defined in some region D of space, and let a
space curve I" in D have the parametric equations x = x(¢), y = y(t), and z = z(¢).
Then from the chain rule

dw_afdx dofdy dfdz 1)
dt — dxdt  dydt ' odzdt

and it is seen from this that dw/dt can be interpreted as the scalar product of the
two vectors

of, of. of dx, dy, dz
—i+ —j+—k d —i+—j+ —k
ox T Tk and i gty
The first vector, denoted by
of. of. of
df=—i+—j+ —k, 22
grad f = <li+ i+ = @2)

is called the gradient of the scalar function f expressed in terms of cartesian co-
ordinates, whereas from Section 11.1 the second vector

dv dx, dy, dz
=i e == 2
a~a T ad @ 3)
is seen to be a vector that is tangent to the space curve I'. Consequently, dw/dt is
the scalar product of grad f and dr/dt at the point x = x(¢), y = y(¢), and z = z(¢)
for any given value of ¢.

Another notation for grad f that is also used is

05 5, 3y

Vf= 24
f ax 3yJ az 24)

where the symbol V f is either read “del f” or “grad f.” In this notation, the vector
operator

9 d d
V=i—+j—+k— 25
lax +‘]8y+ 0z @)

is the gradient operator expressed in terms of cartesian coordinates, and if ¢ is a
suitably differentiable scalar function of x, y, and gz, it is to be understood that

3 3
V¢__¢'+£J+a_f . (26)

Let us now introduce the unit vector v defined as

v =li+ mj + nk, (27)
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where [, m, and n are the direction cosines of the tangent to the space curve I"
in (23), so that

dx [|dr dy [|dr dz [|dr
dac [ acl " T a ) @l "7 ac/ \ai| (28)
with
1/2
dr dx\>  [(dy\* [dz\’
7| = [(E) + (E) + (E) . (29)

Then as the scalar product of a vector F and the unit vector v is the projection
of F in the direction v, it follows at once that

of  of  of
— — — 30
ax +m8y +n82 (30)

D,f=v-grad f =1
is the directional derivative of f in the direction v. This last result has meaning
irrespective of whether v is tangent to a space curve, so from now on v can be taken
to be an arbitrary unit vector in space.

The directional derivative D, f can be interpreted in terms of the ordinary
operation of differentiation by considering Fig. 11.8. In the diagram, a straight line
T in space in the direction of a given vector v passes through a fixed point P, and Q
is a general point on line 7 at a distance s from P. The directional derivative D, f
is then given by

df _ 1@~ f(P)

D, f=
Vv s—0 N

(1)

In the two-dimensional case in the (x, y)-plane, the directional derivative de-
fined in (30) simplifies to

vazv-gradley—i—m%, (32)
ox ay

Scalar field
.y, z)
D

FIGURE 11.8 The directional
derivative D, f.
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where now the unit vector v = /i + mj, with /> + m?> = 1, and the grad f in (22)
simplifies to
of.  of.
df=_—i+_—j 33
grad f = S+ ] (33)

where again the unit vector v = li + mj, with [2 + m? = 1.

Find the directional derivative of f = x? + 3y? + 2z in the direction of the vector
—j — 2k, and determine its value at the point (1, —3, 2).

Solutzon grad f = 2xi+ 6yj + 4zk and the unit vector in the required direction is
V= 1 -z j - —k and so the required directional derivative is

2. 1, 2
D, f= ( 1——]——k>-(2xi+6yj+4zk),

and so
D, f= 4x -2y — gz
This shows that the directional derivative D, f at the point (1, —3,2) is
D, f(1,-3,2) = i—i—6—13—6:2. u

Inspection of definition (30) shows immediately that D, f, which is the rate
of change of f in the direction v, must take its greatest value when v is in the
direction of grad f, its smallest value when v and grad f are oppositely directed,
and the value zero when v and grad f are orthogonal. These simple properties of a
directional derivative are sufficiently important for them to be recorded separately
in the following form.

Properties of directional derivatives

1. The most rapid increase of a differentiable function f(x, y, z) at a point
P in space occurs in the direction of the vector vp = grad f(P). The
directional derivative at P is then given by

D, f(P) = |grad f(P)| = ((3f/0x)% + (3f/3y)% + (3f/32)%)""*.

2. The most rapid decrease of a differentiable function f(x,y, z) at a
point P in space occurs when the vector vp just defined in 1 and grad
f are oppositely directed, so that vp = —grad f(P). The directional
derivative at P is then the negative of the result in 1 and so is given by

D, f(P) = —|grad f(P)|
1/2
—((0f/0x)% + @f/0y)% + (01/02)3) """
3. There is a zero local rate of change of a differentiable function f(x, y, z)

at a point P in space in the direction of any vector vp that is orthogonal
to grad f at P,so that vp - grad f(P) = 0.
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When a scalar function f defined over a region D of space is suitably differen-
tiable, the vector-valued function grad f defines a vector field over D in terms of
the scalar field defined by f. The next theorem establishes the result of performing
the gradient operation on combinations of scalar functions.

Rules for the gradient operator Let the gradients of f and g be defined over a
region D. Then the gradient operator has the following properties.

(i) Gradient of a constant multiple of f:

grad (cf) = c grad f; (c a scalar constant)
(ii) Gradient of a sum or difference of functions:

grad (f£g) = grad f+ grad g;
(iii) Gradient of a product of functions:

grad (fg) = fgrad g + g gradf;
(iv) Gradient of a quotient of functions:

grad (g) — (ggradf — feradg)/g® (g 0).

Proof Theseresults all follow by applying the usual rules for partial differentiation
to each component of the gradient function on the left, and then recombining the
results to obtain the expression on the right. To illustrate the form of argument
involved, we prove result (iii) concerning the gradient of a product of functions. By
definition,

t’i(fg)iJr B(fg)jJr 3(fg)k

d =
grad(fg) o 3y 52
ag | df\. ag | df\. ag . of
=(r2 4,9 bRl R |
(f8x+g8x>]+(f8y+g8y L f82+g81
= fgradg + ggrad f. u

A simple application of the gradient of a function involves the determination
of the tangent plane to the surface S defined by the function f(x, y, z) = constant
at a point Fy(xo, Yo, 20) on the surface S.

Define the function w = f(x, y, z) — ¢, where ¢ = constant, so that the surface
S then has the equation w = 0. Let any space curve I" in the surface S have the
parametric equations

x=x(t), y=y@), and z=z(t).
Then differentiation of w = f(x, y, z) — ¢ with respect to ¢ gives
dw _ofdx ofdy  of dz
dt dxdt dydt dzdt’
but on S the function w = 0, so this reduces to

ofds fdy ofdz
dx dt  dydt dzdt
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This result shows that any curve I' in § must be orthogonal to grad f, and so at
every point P of the surface S the vector grad f is normal to the surface. The vector
equation of a plane with normal n containing the point F with position vector ry is

(r—rp)-n=0,

where r is the position vector of an arbitrary point on the plane. If we set r =
xi+ yj + zk and ro = xpi + yoj + 20k, and identify n with grad f at Py, where

grad f(PRy) = <%>P“i+ <%>Poj + <%>P‘) k,

the required tangent plane to the surface at Py(xo, o, zo) is seen to be given by

c-w) () +0-w(F) +e-w(E) =0 6

Find the tangent plane at the point (2, —1, 3) on the sphere
(x=1P2+(+2°+(z—4)=3.

Solution 1Tt is first necessary to check that the point (2, —1, 3) does actually lie
on the sphere, and this is confirmed by showing that x =2, y = —1, and z=3
satisfies the equation of the sphere. Writing f = (x — 1)> + (y +2)> + (z — 4)%,
we find that 9f/dx = 2x, df/dy =2y, and 0f/9z = 2z, so that (3f/0x)n,—13) =4,
(3f/3y)@,-1,3 = —2, and (3f/32)(2,—1,3) = 6. Substitution into (34) shows that the
equation of the tangent plane to the sphere at the point (2, —1, 3) is

4x-2)-2(y+1)+6(z—3)=0,
and after simplification this reduces to

4x =2y + 67 =128, m

In applications, the geometry of a problem often makes it necessary to express
the gradient operator in terms of different coordinate systems. The coordinate
systems that occur most frequently as a result of formulating problems involving
either a cylindrical or a spherical geometry are the cylindrical polar coordinate
system (r, 0, z) illustrated in Fig. 11.9a and the spherical polar coordinate system
(r, 0, ¢) illustrated in Fig. 11.9b, and shown in a different form in Fig. 1.15.

Consideration of the geometry of Figs. 11.9a,b establishes that the connection
between these coordinate systems and the cartesian coordinates (x, y, z) is given
by:

Cvylindrical polar coordinates (1, 6. z)

x=rcosf, y=rsind, z=z (35)

Spherical polar coordinates (1. 6. ¢)

x=rsinfcos¢, y=rsinfsing, z=rcoso. (36)
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FIGURE 11.9 (a) Cylindrical polar coordinates. (b) Spherical polar
coordinates.

The forms taken by grad f in cylindrical and spherical polar coordinates are
given next for reference, though the derivation of these results together with related
results in terms of general orthogonal curvilinear coordinates will be postponed

gradient operator in until Section 11.6.
cylindrical polar . . . .
coordinates grad f in cylindrical polar coordinates (. 6, z)

) 10 )
grad f =V f = —fer—l———feg—l——fez, (37)
or r 90 0z

where e, is a unit vector parellel to the (x, y)-plane along the radial line r, e, is a
unit vector in the (x, y)-plane normal to e, in the direction of increasing 6, and e, is
a unit vector in the positive z-direction as shown in Fig. 11.9a, so that e, x ey = e,.

grad f in spherical polar coordinates (1. 8. ¢)

af  1af 1 af
df=vVi=e 4o+ — Yo 38
grad f=Vf=ore+ 50t rno s (38)

where e, is a unit vector along the radial line r, e, is a unit vector in the direction of
increasing ¢, and ey is a unit vector in the direction of increasing ¢ that is normal
to the plane containing e, and ey, as shown in Fig. 11.9b, so that e, x e, = e,.

Notations for cylindrical and spherical polar coordinates are not uniform, so
when consulting other works it is advisable to check the notation and conventions
that are in use. This is particularly important in the case of spherical polar coor-
dinates, where the r used here is sometimes replaced by p, with r then used to
denote the distance OA in Fig. 11.9b; in addition, the symbols # and ¢ are often
interchanged.
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The gradient of a scalar function of position is a vector, and it has been defined and used
to define the concept of a directional derivative. The properties of directional derivatives
have been established and the gradient operator has been used to determine the tangent
plane to a sphere at a given point on its surface. For future use, the gradient operator has
been expressed in terms of both cylindrical and spherical polar coordinates.

EXERCISES 11.3

In Exercises 1 through 8 find the derivative of the scalar
function f in the direction of the vector v and find its value
at the point P.
1. f=xsiny+ ycosx, with v=1i+2j and P the point
(/4,0).
2. f=uxsinh(x +2y), with v =3i—j and P the point
(1, =2).
3. f=xe?+2x—y, with v=i+4j and P the point
(=2,1).
4. f =In(x +2y?),withv = —i + 2jand P the point (1, 3).
5. f =sin(xy) + €7, withv = i — 2j + 2k and P the point
(1, /4, 1).
6. f=(x*y+2)"/?, with v =i+ 3j — 3k and P the point
(2,-3,1).
7. f =sinh(xy?z+ 3y), with v = 2i+k and P the point
(1,-2,2).
8. f=(xz2+3y)"!, with v=-3i+2j—2k and P the
point (1, —1, 1).
9. Prove result (iv) in Theorem 11.2.

10. Use result (iv) in Theorem 11.2 to find grad ( f/g) given
that f = ye* 4+ z and g = xyz*> + 1, and confirm the
result by direct calculation.

In Exercises 11 through 14 find grad f and evaluate it at the

point P.

11. f = x>+ 3xyz — yz?, with P the point (1, 3, —1).

12. f = (x? +2y? +47%)7!, with P the point (1,2, 1).

13. f =exp(xy + 2yz — 3xz), with P the point (1, 0, 2).

14. f = (x> + yz+ 3752, with P the point (1, —1, 2).

15.

16.

17.

18.

19.

20.

21.
22,

23.

Derive the cartesian form of the equation of the straight
line that is normal to the curve f(x, y)=constant at a
point (xo, yo) on the curve.

Derive the cartesian form of the equation of the tangent
line to the curve f(x, y) = constant at a point (xy, y) on
the curve.

Find the equation of the tangent plane to the surface
x>+ 3xy + 72 = 11 at the point on the surface (1,2, 2).
Find the equation of the tangent plane to the surface
sin(xy) + 2 cos(yz) + 3x = 4 at the point on the surface
(1, 7/2,1).

Derive the vector equation of the straight line that is
normal to the surface f(x,y, z)=constant at a point
with position vector rj on the surface.

If two surfaces f(x,y, z)=constant and g(x,y, z)=
Constant intersect at a point with position vector ry, find
a vector that is tangent to their curve of intersection of
the two surfaces at ry.

Find grad f, given that f(r,0,z) = r>sinf +rz> + 1.
Find grad f, given that f(r,¢,6) =rsin6cos¢ +
sin’ .
If F = grad f, prove that

grad(f") = nf""'F.

Use the result to show that when f = r is the distance
of a point r = xi + yj + zk from the origin, then

1
gradr =t and grad(;) = —L,

r3

where tis the unit vector in the direction of r,sot = r/r.

& Conservative Fields and Potential Functions

conservative fields
and path invariance

Let us reconsider the line integral | '12 F - dr along a path I" joining the two points
r; and r; in a region D of space. If the value of this line integral is independent of
the choice of path I in D, the vector field F is called a conservative field. The name
conservative comes from mechanics, where it refers to the study of dynamics in which
dissipative effects such as friction can be ignored, so that the sum of the kinetic and
potential energy in a system remains constant (is conserved), though conservative
fields of different types play key roles throughout physics and engineering.
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FIGURE 11.10 (a) The two paths I'y and I'y. (b) The loop
containing P and Q.

The next theorem shows that the definition of a conservative field in terms of
the independence of the line integral of the path from r; to r; is equivalent to the
vanishing of the line integral of a conservative field around any closed loop in D.

Path invariance and integrals around loops If Fis a conservative fieldin aregion D,
then ¢ F - dr = 0 around every closed loop I' in D and, conversely, if §. F - dr = 0
around every closed loop I in region D, then F is a conservative field in D.

Proof The proof of this result is straightforward, and it involves two steps. One
is to show that if §.F - dr = 0 around every closed loop I" in D, then the field is
conservative, and the other involves showing that the converse result is true.

STEP 1  Let the points P and Q shown in Fig. 11.10(a) be any two points in a
region D throughout which F is a conservative field, and let I'; and I'; be any two
paths in D connecting P to Q.

As F is a conservative field, by definition

/F~dr=/F~dr and so fF-dr—[F~dr=0.
Iy I I I

If we reverse the direction of integration in the second integral, thereby changing
its sign, and indicate the path from Q to P by I';-, this last result becomes

/ F-dl‘+/ F.-dr=0.
r T

However, the reversal of direction of integration on path I'; makes the successive
paths I'; and I',- into the loop in D shown in Fig. 11.10(b). So as P and Q were
any two points in D, and I'1 and I'; were any two paths in D joining P and Q; this
proves the first part of the theorem.

STEP2  We must now prove the converse result, that if . F-dr =0 around
every closed loop I' in region D, then the field F is conservative in D. The proof
involves reversing the argument used in Step 1. Let the arbitrary paths I'; and I'-
in Fig. 11.10(b) form any loop in D, and let P and Q be any two points on the loop.
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Then

/ F-dl‘+/ F.dr=0,
Iy r

-
butif we reverse the direction of integration along I';-, and compensate by reversing
the sign of the integral, this becomes

/F-dr:/F-dr.
Iy Iy

As P and Q were arbitrary points, and I'; and I'; are any two paths joining these
points, we have succeeded in showing that the integral is path independent, so the
theorem is proved. u

Let f be a differentiable scalar function defined over a region D and let F =
grad f be avector field defined in terms of f. Then f is called the potential function
for the vector field F. The connection between potential functions and conservative
fields will become clear later.

Let us now show that if a vector field F has a potential function f, then the
function f is unique to within an arbitrary additive constant. The proof is simple.
Suppose the scalar fields f and g have the same gradient in some region D, so we
can write

grad(f —g)=0.

Then if v # 0 is an arbitrary vector in D, it follows from the preceding result that
v-grad (f — g) = 0. This shows that the directional derivative of f — g is equal to
zero in every direction at each point of D, and this in turn implies that f — g =
constant, so the result is proved.

We now establish the fundamental connection between F = grad f and the line
integral of F along any path I'" joining two points in a region D of space. In order to
achieve this it is necessary to place some restrictions on the scalar potential function
f(x,y, z), the path I', and the region D. The function f will be assumed to have
continuous first order partial derivatives in D, the path I in D must be continuous
and piecewise smooth and comprise finitely many segments, and the region D must
be open and simply connected.

The terms open and simply connected need explanation. In straightforward
terms, a simply connected region in space can be regarded as any region that can be
continuously deformed into a sphere inside of which no voids, curves, or points are
missing, so it has the property that every loop in the region can be shrunk to a point
that belongs to the region, without any part of the loop ever leaving the region.
To understand this, consider the case of a region in space from which the points
on a line are missing, and let the the loop encircle the line. Then there is no way
the loop can be shrunk to a point without leaving the region, so the region is not
simply connected (it is multiply connected). A region in space will be open if only
the points on the surface of the region (its boundary points) are missing. A region
in space is connected if every point in the region can be joined to every other point
in the region by a piecewise continuous line that lies entirely within the region.

For example, the points between two concentric spheres, the points on the
surface of each of which are missing, form an open region that is connected. The
region is open because its boundary points are not included in the region, and it
is connected because any two points in the region can always be joined by a space
curve that lies inside the region.
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As another example, consider the points inside two adjacent nonintersecting
spheres, each of which is connected within itself. Then the region formed by the
points inside the two spheres is not connected, because every path joining a point
in one sphere to a point in the other sphere contains points that belong to neither
sphere.

Condition for the path independence of a line integral Let F be a vector field de-
fined in an open connected region D of space, and let I be any path in D connecting
two arbitrary points P atr; and Q atr; in D. Then:

(i) If the line integral §.F - dr is independent of the path I joining r; to ry, a
scalar field f exists such that F = grad f.

(ii) If F = grad fwith F = Fli+ Bj+ Fkandr(t) = x(¢)i + y(¢)j + z(¢t)k, then

0
fFAr:f (Fidx + B dy + Fsdz) = f(Q) — f(P).
r P

A G R e Proof Although not difficult, the proof of result (i) is a little harder than that of
ensures path result (ii). To prove (i) it is necessary to show that if P and Q are any two points in
invariance

an open connected region D, and the integral f = | PQ F - dr is independent of the
path I' joining P to Q, then F = grad f.

Let P be an arbitrary point in D with coordinates (x, yo, 20), and Q be a point
with coordinates (x, yy, 20), so that P and Q only differ in their x coordinates.
By hypothesis f is independent of the path I' from P to Q, so we can take it to
be a straight line on which the general point can be written r = ¢i + ypj + 20k for
Xp <t < x;. Let P(x) be any point on I' corresponding to r = xi + ypj + zok, so
dr/dt =i, and denote by f(x) the integral

f(x):/xxF'dr.

Then, setting F = Fji + F>j + F3k, on path I we can write

flx) = f F. (g) dr = / Fi(t, yo, 20)dt,

X

x+h
Ft ) — fx) = / Fa(t. v, 20)dt — / Fy(t. yo. )t

X0 Xo

and so

x+h
= / Fi (2, yo. zo)dt.
X

Applying the mean value theorem for integrals (see Theorem 1.4) to the integral
on the right shows that

f(x+h)— f(x)=hF(, », 20),

where the unknown number & is such that x < & < x + h. The preceding expression
can be rewritten in the form

fx+h) - fx)

; = Fi(&, yo, 20),
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and by proceeding to the limit as 4 — 0, when & — x, the expression on the left
reduces to df/dx, because fisa function of x, y,and z,but y = yy and z = zy remain
constant during the limiting process. As P was an arbitrary point in D, it follows
that yo and z are arbitrary, so we have shown that 9 f/dx = Fj. Similar arguments in
which first Q is taken to be the point (x, y, z0), and then to be the point (xy, yo, z),
show that df/dy = F, and df/dz = F3. Combining these results gives F = grad f,
and the proof of (i) is complete.

To prove (ii), let the smooth path I joining any two points P and Q in D have
the equationr = x(¢)i + y(¢)j + z(¢)k fora <t < b. Then along T’

df ofdx ofdy  ofdz
dt — dxdt dydt dzdt

o (8)-+(2)
/FF-dr=/abF-(g)dmfab(%)dr:f(@—f(m,

and the result is proved. ]

and so

To make effective use of Theorem 11.4 (ii) it is necessary to know when F is the
gradient of a scalar function f. Theorem 11.5, which follows, provides both a test
for a conservative field and a way of finding its associated potential function f.

Testing for a conservative field and finding the potential function The vector field
F = Fi+ F,j + F5k with components that are continuous and differentiable is a
conservative field, and so is derivable from a scalar potential f, if

) 0oFF 0F, 0K 0F 0F  0F
1 _— =, —_ =, —_—— = =
ay ox 0z ay ax 0z
When F is a conservative field the scalar potential function f is found by inte-
grating the equations
ad a 0
@ d_p Y_p Y_

F;.
ox ay 0z

Proof 1f F is a conservative field, then a scalar potential f exists such that F =
grad f, and so

. . of. of . of
Fi+ F Bk=—"i+—~j+ —k.
i+ o)+ 13 8xl+ 8yJ+ 9z
Equating corresponding components gives
ad 9 d
—fZFl, —fZFz, —f=F3-
ax ay 0z

As, by hypothesis, the components of F are differentiable, the equality of mixed
derivatives requires that

o (of\ _9F _ d (df\ 0P
ay \ax /) ay ax\ay/) ax’
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so we have established the first result in (i). The other two results are obtained in
similar fashion by equating the other two mixed derivatives, so the first part of the
theorem is proved. When F is a conservative field the scalar potential f follows by
integrating the equations in (ii), and the proof of the theorem is complete. ]

Show that F = y?zi + 2xyzj + (2z + xy?)k is a conservative field in any open con-
nected region of space, and find the associated scalar potential f. Use the result to

evaluate the line integral 7 = |’ PQ F - dr, where P is the point (2,1, 1) and Q is the
point (3, 2, 2).

Solution In the notation of Theorem 11.5 the components of F are F| = y?z,
F, =2xyz, and F; = 2z + xy?, and a routine calculation confirms that
oFy 0F,  0F,  dF  dF  0F
dy  ax’  dz  dy ax a7’
in any region of space, so the F is a conservative field.
To find the scalar potential f we must integrate

d d d
o V7, a—f = 2xyz, o _ 27+ xy”.
y 0z

Integrating the first equation with respect to x, while regarding y and z as constants,
gives
f=xy’z+r(y.2).

where r(y, z) is an arbitrary function of y and z. Combining this result with the
expression for df/dy given earlier, we find that
af ar

ad
@=2xyz+£ =2xyz andso 5:0,

from which it follows that » = s(z), with s(z) an arbitrary function of z. Finally, using
this result with the expression for df/dz given earlier we find that

o _

dz

ds ds
xy2 + —=2z+ xy2 andso — =2z,
dz dz
from which it follows that s(z) = z*> + ¢, where c is an arbitrary constant.
Combining results shows that the most general scalar potential function f

associated with F is
f=xy’z+7+c.

As F is a conservative field, the line integral between any two points in an open
connected region D can be evaluated using result (ii) of Theorem 11.4. However,
the arbitrary constant ¢ in f can be omitted when evaluating a line integral using
the result

/PQF-dr= fPQdf= 1(0) - f(P),

because ¢ occurs in both f(Q) and f(P), and so cancels. As a result, setting [ =
xy?z + z> and using the notation (xy?z + z%)(,.4.) to denote xy’*z + z* evaluated



656

Vector Differential Calculus

with x = p, y = ¢, and z = r, we find that

o
I = / F.dr = (xy’z+ Zz)(3,2,2) — (xy’z+ Zz)(z,l,l)
P
=28 -3 =25. |

The example that follows shows the necessity of the condition in Theorem 11.4
that the region D is simply connected, because if this is not the case, a line integral
between two arbitrary points P and Q in D will not be independent of the path
joining them.

Show that the two-dimensional vector field F = (#yyz)i + (xzj—yz)j satisfies the con-
ditions of Theorem 11.5 (i) in any region of space that does not contain the origin.
Evaluate the integral / = . F - dr when (a) I is the circle x? + y* = 2and and (b) I
is the square with corners P at (1, —1), Qat (3, —1), Rat (3,1),and Sat (1, 1), and

comment on the results.

Solution The vector F is indeterminate at the origin, but is defined elsewhere in
the plane, where it satisfies the condition

a —y 0 X
ay \x2+y2)  oax \x2+)2)"

This shows that F satisfies the two-dimensional form of Theorem 11.5 (i) in any
region of the plane that does not include the origin. When the origin is excluded
from the plane, vector F is seen to be defined in a nonsimply connected region.
The circle x?> + y?> = 2 and the square with its corners at PORS are shown in
Fig. 11.11, from which it can be seen that the points P and § are common, so both the
circle and the square represent loops in the plane containing the points P and S. The
circle encloses the origin, so the pointsin its interior are not simply connected, while
the square excludes the origin, so the points in its interior are simply connected.

y
S(1,1) R(3,1)
|
0 [\/j X
P(1,-1) 0(3,-1)

FIGURE 11.11 Two loops, each containing points P and S, in a
nonsimply connected region.
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Settingx = +/2cost,y = +/2sin¢ for 0 < t < 27 and evaluating the line integral
I in case (a) gives

/r<x2+y2 x+x2+y2 y) "

In case (b) we have

o 3 d R 1 d S 1 d
/ F~dr:/ = /F-dr:3/ y /F-dr:—/ =
P 1 X241 0 4y +9 R 3 x2+1

and
P -1
/ F-dr:/ dy .
s 1y +1

Evaluating these integrals and adding the results shows, as expected, that in case (b)
the integral 7 = 0.

These results could be used to illustrate that when a region is not simply con-
nected, the line integral between two points (in this case P and S) of a vector F
that satisfies the conditions of Theorem 11.5 (i) will, in general, depend on the path
joining the points. ]

FURTHER RESULTS

For the sake of completeness the definitions of the terms open, connected, and
simply connected are given below in rather more detail, and they are then illustrated
diagramatically by considering regions in the plane.

Definitions of open, connected, and simply connected regions

(i) A region D in space is said to be an open region if every point P in D can
be enclosed in a sphere centered on P whose radius can always be chosen small
enough that all points inside the sphere belong to D.

(i) A region D in space is said to be connected if every pair of points in D can
be joined by a piecewise smooth path with finitely many segments that lies entirely
inside D.

(iii) A region D in space is said to be simply connected if every closed non-self-

intersecting loop in D can be shrunk to a point in D in such a way that during the
process every point on the loop remains in D.

Figure 11.12 illustrates these definitions in the case of two-dimensional regions,
where a dashed boundary is used to indicate that the points on the boundary are
omitted from the region. In (a), the region D is open, because however close P
is taken to the dashed line, a circle (the two-dimensional equivalent of the sphere
referred to in (i)) can always be drawn around P in such a way that all points in the
circle lie in D. In (b) the region D represented by the interior of the two circles is
not connected, because any line joining a point in one circle to a point in the other
contains points that do not belong to either circle. In (c) the region D is connected,
because any two points can always be joined by a line that lies entirely inside D.
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(a) (b)

FIGURE 11.12 Regions in the plane illustrating connectivity.

However, in this case the region D is not simply connected, because although loop
'y can be contracted to a point in such a way that every point on I'y remains in D,
this is not possible in the case of loop I',, which encloses a void V. This last example
can be visualized by considering the boundary of the void as a barrier and the loop
as an elastic band. In the case of I'; the elastic band can shrink to a point without
hindrance, but in the case of I'; this is prevented by the barrier surrounding the void.

A conservative field is one in which zero work is done when moving around a closed loop
in the field and returning to the starting point. Expressed differently, a conservative field is
one in which the work done when moving between two separate points is independent
of the path followed between the two points. This property of conservative fields has led
to this independence of a line integral on the path between two points being called the
property of path invariance. The consequences of this definition have been explored and
a condition has been found that ensures path invariance. A test for a conservative field has
also been given.

EXERCISES 114

In Exercises 1 through 6 determine whether F is a conser- 7. F = (2* + 6xy?)i + 6x2yj + 3x’k with P at (1,0, 1) and

vative field, and if so, where.

1. F=(3x2y* + y22)i+ 2x%y + x2%)j + 2xyzk.
2. F = ycos(xy + 22)i + x cos(xy + z2)j + 2z cos(xy +

2)k.

3. F = ¢e"y%i + ye'j + 3xzk.

Qat (2, 1,0).

8. F = 2x7% cosh(x? + 2y?)i + 4yz? cosh(x? + 2y?)j +
2zsinh(x? + 2y?)k, with P at (1,1,1) and Q at
(0,2, 1).

9. F=e"*(1 +xyz)i + x*ze"j + x> ye*¥7k, with P at
(0,0,0) and Qat (1,1, 2).

X . y .
F = i— 42
@+t @) 10. F= 20 zxz)i + =+ 2k with Pat
22 (14+x?) 14+x 14+x
+ —>—k (1,1,1) and Qat (2,2, 0).
(xz +y2 +Z2)1/2 .
Coxz 2yz 11 F =2x(1 + y22)i + x%2%j + 2x%yzk, with P at (3,1, —1)
S F= 22 T (@t 2122 and Qat (1,0, 2). .
12. F =2x(y* + 22)i+ 2y(1 + x?)j + 2z(1 + x*)k, with P at
Xty -7 (0,1,2) and Qat (2,0, 1).
(x + y2 +22%)? 13. Verify the results of Example 11.15 by performing
< j+ X the indicated integrations along a straight line from P

= i—
XAy 42 x4y 42

4yt to 0.

In Exercises 7 to 12 show F is a conservative field, and
by finding the scalar potential f evaluate the integral / =
fPQ F - dr between the given points P and Q.
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11.5.. Divergence and Curl of a Vector
I

divergence of a vector

It is necessary to introduce two new operations involving vectors. The first oper-
ation is called the divergence of a vector, and it associates a scalar function with
a differentiable vector field F. The second operation is called the curl of a vector,
and it associates a vector function with the vector F. If F = Fji+ [j+ 3k is a
differentiable vector field, the divergence of F, written div F, is the scalar function
defined in terms of cartesian coordinates as

. oF, 0F, 0F;
dvF= —+ — + —. 39
v 0% == 2y a4 9z (39)

The divergence of the vector F can also be expressed in terms of the operator “del”
defined in (25) as

V=i +_8 9
=% Ty T
by writing
divF=V.F= ia+'8-|-ka (Fi+ Bj+ Fk) (40)
- U ax ‘]ay 0z ! A 3’

where the mutual orthogonality of i, j, and k coupled with the fact that they are
constant vectors causes the expression on the right of (40) to be reduced to the
expression on the right of (39), with the operation V - F being read “del dot F.” The
form taken by div F in more general coordinate systems is derived in Section 11.6.

At this stage, for simplicity, the definition of div F is expressed in terms of
cartesian coordinates, though it will be shown later that div F is, in fact, independent
of any coordinate system. In the next chapter it will be shown that div F can be
interpreted as the flux of the normal component of the vector F that crosses the
surface of a unit volume in a unit time. This means that when div F is positive, there
is a net flow of F out of the volume, and when div F is negative, there is a net flow
of F into the volume.

In anticipation of the next chapter, we give a heuristic derivation of div F in
terms of cartesian coordinates that shows how div F can be defined differently,
and at the same time illustrates its physical significance. Consider the small cube of
side @ shown in Fig. 11.13 with faces normal to the coordinate axes, and take the
positive direction of the normal to each face of the cube to be the one directed out of
the cube. The normal component of F entering face Ais F>(x, yo, z), and the normal
component of F leaving face B is F>(x, yp + a, z), where from Taylor’s theorem
for functions of several variables, to first order in a we have F(x, yo+a, z) =
E(x, yo, 2) + ad B (x, yo, 2)/9y.

Consequently, if we average F>(x, yo, z) over face A and denote the result by
F, the integral of F>(x, yo, z) over face A is approximately equal to a® F,, while the
integral over face B is approximately equal to a’[F, + ad F,/dy], so the change of
the flux of F from face A to face Bis approximately a*d F,/dy. Similar results apply
to the other pairs of faces, so denoting the surface of the cube by S, and letting F,
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FIGURE 11.13 A representative cubic element.

denote the component of F normal to S, positive when outward, with dS a surface
element of area of a face, we have

1 1 oF oF oF aF, 0F, OF
lim—// FodS=1lim— (a*ZL 4352 4 323 2200 072 705
as0a’ J Js a—0 a3 0x dy 0z 0x ay 0z

The expression on the right is div F, so this result shows that the divergence
of a vector field F in cartesian coordinates is the limit of the flux of the normal
component of F through the surface S bounding a volume as the volume tends to
zero. A different form of argument used in the next chapter will show that for any
volume V' with surface S and element of surface area 4, independently of any
coordinate system

div F = lim l// F,dS.
voV S

Itis helpful to interpret this result in terms of the flow of a liquid. If we identify q
with the liquid velocity vector, V with the volume occupied by the liquid, and S with
the surface enclosing V, the product g, dS, with g, the component of q normal to
dS, is seen to be the volume of liquid crossing the surface element d.§ in a unit time.
Consequently, [/ F, dS is the total volume of liquid leaving through the surface
S'in a unit time. As a liquid can be considered to be incompressible, provided the
volume contains neither a source of liquid (a point in V through which liquid enters)
nor a sink (a point in V through which liquid is extracted), it follows that [/, F, dS
will be zero for an incompressible fluid.
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Thus, in an incompressible liquid free from sources and sinks, div q = 0. If
sources and sinks occur in the liquid, their strengths can be found by enclosing
each in a small volume and then letting it become arbitrarily small, in which case a
positive value of div q will correspond to a source and a negative value to a sink.

If, instead of a liquid, the flow of a gas is involved, the compressibility of a gas
causes its density to vary from point to point, so then, in general, the value of div q
will depend on position and, if the flow is unsteady, also on the time.

Find div F when F = x)?i + 3yzj — 4xzk.
Solution From (39) div F = X (xy?) + %(3yz) + %(—4xz) =)y’ +3z—4x. =

We have seen that provided f is suitably differentiable, grad f is a vector,
so when f is twice differentiable it is appropriate to examine the operation div
(grad f). This is usually written div grad f, because no ambiguity arises when the
brackets are omitted. By definition

. 09 a\ (.of .of . of
divgrad f = (i— +j— +k— ) - [i2L +jL + k-
v grad f <'ax gyt 8z) ('ax gyt 82)

2 2 2
7f f

T gy a2

= Af, (41)
and so div grad f = Af is simply the Laplacian of f.

Properties of the divergence operator Let the vector fields F and G and the scalar
fields ¢ and ¢ be a suitably differentiable, and let a and b be constants. Then the
divergence operator has the following properties:

(i) div(aF) =adivF
(i) div(aF +bG) =adivF + bdivG
(iii) div(¢F) = ¢divF+F- Vo
(iv)  div(grad¢) = A¢
v) div(¢Vy) = ¢AY + grad¢ - grady = pAY + V¢ - Vi
i) div(@Vy) — div(yVe) = gAY — AP
Proof The derivation of these results follows directly from the definition of the
divergence of a vector in (39). So, as (iv) has already been established, we will only

prove (iii) and leave the other results as exercises.
It F = Fi+ Fj+ F5k, it follows that oF = ¢ Fii + ¢ I2j + ¢ F3k, and so

. Gl d il
AV(GF) = 7O F) + 3 (8F) + 7 (0F)

oFy 0F, 0F; Rl ¢ ap
= —t+ — 4+ — F—+bB—+4+ FK—
¢<8x+8y+8z>+ 18)c+ 28y+ oz

=¢divF+F- V. n
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the definition of curl F

When expressed in terms of cartesian coordinates, the curl of the vector F =
Fii + F>j + Fkis defined as

o0F;  OF 0F OF 0F, OF
carlF= (222 )i (222854 (22 -k (42)
ay 0z 0z ax ox ay

This form of the definition of curl F is more easily remembered when expressed
symbolically as the determinant

i j k

a a 9
1F=|— — —, 43
cut ax dy 0z (43)

F F B

or in terms of the operator “del” as
curlF=V x F = i3+.8+k8 x (Fii+ Fpj + F3k) (44)
N —\Uax ‘]8y 0z ! 207 R

where it is to be understood that the differentiations are to be performed before
finding the cross products, and the operation V x F is read as “del cross F.”

Find curl F given that F = xyi + zj + yzk.

Solution Using (43) we have

i j Kk
Fo| 2 22
R P dy 0z
Xy z ¥z
= <88—y(yz) - %(z)) i- (%()’Z) - a%(xy))j + <%(Z) - %(”)> k
= (z—1)i— xk. =

Show that if ¢ is any scalar function with continuous first and second order deriva-
tives, then curl(grad ¢) = 0.

Solution By definition grad ¢ = ¢.i+ ¢,j + ¢k, so from (44)

9 d 9
l(grad¢p) = (i— +j— + k— i i k).
curllgrad g) = (i 437 + ki) (04 0, + 0K)
After we use the properties of the vector product with the mutually orthogonal unit
vectors i, j, and k, this reduces to

9 ] . 0 0 .0 . 0 .
curl(grad @) = -~ (y)k — = (¢:)j — @(f/&)k + a_y(¢z)l + 5 (0= (@)

By hypothesis ¢ has continuous partial derivatives up to and including order 2, so
there is equality of mixed derivatives. As a result ¢, = ¢,,, showing that the k
component of curl(grad ¢) vanishes. The j and i components of curl(grad ¢) vanish
for the same reason so that curl(grad ¢) = 0. ]
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The operators grad, div, and curl can be combined in various ways that lead to
identities, the results of which are listed in the next theorem. These identities are
useful when manipulating vector operations. In some of the entries the notation
(F-V)Gisused,and if F = Fi+ Fj+ Fkand G = Gji + G2j + Gsk thisis to be
interpreted as the vector

ad 0 a
(F-V)G = |:(F1i + Bj+ Fk) - (i— +i—+ k—)} (Gii+ G2j + G3k)
ox ay 0z

0 0 d
=\h—+h—+F— (G1i+ G2j+ G3k).

ax ay 0z
Properties of combinations of grad, div, and curl Let F and G be vector functions
and let ¢ be a scalar function, all of which are suitably differentiable. Then the

following identities hold.

(i) curl(gradg) =0
(ii)) div(curl F) =0

(iii)  curl(¢F) = ¢ curl F — F x grad ¢

(iv) grad(F-G)=F xcurlG+ G x curlF+ (F- V)G + (G- V)F
v) div(FxG)=G curlF—F.curlG

(vi) curl(FxG)=FdivG —GdivF+ (G:-V)F— (F-V)G

(vii)  curl(curl F) = grad(divF) — AF

Proof Result (i) has already been established. As the other results follow in similar
fashion from the definitions of the gradient, divergence, and curl operators, the
remaining proofs are left as exercises. ]

The expression for curl F in more general coordinate systems is derived in Sec-
tion 11.6, but a different definition of curl F together with a physical interpretation
will be postponed until after the discusion of Stokes’ theorem in the next chapter.

Theorem 11.7 provides a test for conservative vector fields F. Although the test
is equivalent to the test in Theorem 11.5 (i), it is in a more easily remembered form.
By definition, a vector field F is a conservative field if F = grad f, but from (i) of
Theorem 11.7, if F = grad f then curl F = 0, and it is this last result that provides
the test. However, if after establishing that F is a conservative field its associated
potential function f is required, it must be found by integrating the equations in
Theorem 11.5 (ii), as illustrated in Example 11.14.

Curl test for a conservative vector field

A vector field Fis conservative, that s, itis F = grad f where f is the associated
scalar potential, if curl F = 0.

For what values of a and b is the vector field F = (x + z)i + a(y + 2)j + b(x + y)k
a conservative field?
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Summary

Solution
i i k
curl F = i i i
ox ay 0z
x+z a(y+z) bx+y)

=(b—a)i+ (1 - b)j.

socurl F =0ifb —a = 0and 1 — b = 0. Consequently, F will be a conservative field
ifa=>b=1. ]

Find curl(curl F) given that F = x?y?i + y?2%j + x*2°k.

Solution To calculate curl(curl F), we will use result (vii) of Theorem 11.7. We
have

divF = 2xy? + 2yz* 4+ 2zx2,
SO
grad(divF) = (2y* + 4xz)i + (22 + 4xy)j + (2x* + 4y2)k.
Next,

AF = ” + ” + ” (*y%i 4 y*2j + x*2%K)
S \ox?  9yr o 8z yrrre

=2(x* + yH)i+2(% + 2)j +2(x* + )k,
so combining results gives

curl(curl F) = (4xz — 2x?)i + (4xy — 2y?)j + (4yz — 2Z°)k. u

Vector fields, line integrals, the theory, application, and evaluation of multiple inte-
grals, and the vector operators grad, div, and curl are all defined and their properties
developed in standard calculus and analytic geometry texts such as those in refer-
ences [1.1], [1.2], [1.5], [1.6], and [1.7]. Reference [5.6] gives a concise summary
of these results together with numerous examples. More advanced and detailed
accounts, where the emphasis is placed on a vector treatment, are to be found in
references [5.1], [5.2], and [1.4].

The previous section introduced the gradient operator, where it was shown that it acts
on a scalar function of position to produce a vector. The present section introduced two
more vector operators called the divergence and curl operators. The divergence operator
was seen to act on a vector to produce a scalar, while the curl operator acted on a vector
to produce another vector. The general operational properties of the divergence and curl
operators were developed together with the results of combining all three vector operators.

EXERCISES 11.5

In Exercises 1 through 4, find div F for the given vector 4. F = cos xi + sin yj + 2°k.

function F.

1. F = x%yi+ y*2%j + x2’k.

5. Prove that div(¢F) = ¢ divF +F - V¢
(Theorem 11.6 (iii)).

2. F = (1 —x%)i+ sin yzj + e¥k. 6. Prove that div(pVy) = pAY + V¢ - Vi

3. F =3x% + 2x%y%j + xk.

(Theorem 11.6 (v)).
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In Exercises 7 through 10 find curl F for the given vector 16. Prove that curl(curl F) = grad(div F) —AF
function F. (Theorem 11.7 (vii)).
7. F = xy2%i + x2yzj + xy’k. 17. Find curl(curl F) given that F = 3xyzi + 2yj — 4zk.
8. F = sinh xyi + cosh yzj + xyzk. In Exercises 17 and 20 use the curl test to see if or where
9. F = arctan i + In(x? + 2y%)'/%j + yk. the vector field F is conservative.
y
10. F= (22 +y> + 2D)V%i+ (2 + y* + )% + xk. 18. F = yzcosh(xyz + y*)i + (xz + 2y) cosh(xyz + y?)j +
11. Prove that div(curl F) = 0 (Theorem 11.7 (ii)). 2xy cosh(xyz + y)k.
12. Prove that curl(¢F) = ¢ curl F — F x grad ¢ 19. F =2xy’i + (2x%y + 6y2))j + 9y* 7’k
(Theorem 11.7 (iii)). 0. F= — - (xi+ yj + 7K).
13. Prove that grad(F- G) = F x curl G + G x curl F + (2 +y+2)
. . i 1
(F-V)G + (G V)F (Theorem 11.7 (iv)). 21 F— . —(xi+4yg +2)%K).
14. Prove that div(F x G) = G - curlF — F - curl G (1+x2+2y%z)

(Theorem 11.7 (v)).

15. Prove that curl(F x G) = FdivG — Gdiv F +
(G-V)F—(F-V)G (Theorem 11.7 (vi)).

11.6.. Orthogonal Curvilinear Coordinates
I

The geometrical configuration of a physical problem often suggests the most ap-
propriate coordinate system that should be used when seeking its solution. For
example, heat conduction in a cylindrical rod suggests the use of cylindrical polar
coordinates with the z-axis aligned with the axis of the rod, whereas the distribu-
tion of an electric field inside a spherical cavity suggests the use of spherical polar
coordinates. When problems of this nature are expressed in terms of vectors, and
the operators grad, div, and curl are involved, it becomes necessary to find the form
taken by these operators in different systems of curvilinear coordinates. The reader
who wishes to omit the derivation of the main results of this section should proceed
directly to Theorem 11.8 after studying the definition of an orthogonal system of
curvilinear coordinates and the meaning of the scale factors A1, h;, and h3.

In what follows, in order to unify notation, it is convenient to denote the usual
cartesian coordinates x, y, and z by x1, x», and x3 and a general system of curvilinear
coordinates by g1, ¢», and g3, where the two systems are related by the equations

xi=x1(q1. @, @3), X2=x2q1. @, q3). x3=x3(q1, P, G3). (45)

For the curvilinear coordinates ¢, ¢, and g3 to be equivalent to the cartesian
coordinate system xi, X, and xj3 it is necessary that equations (45) can be solved

uniquely in the form

Q= qi(x1,%2,x3), @ =q(x1,x%2,%3), q3=q3(x1, X2, x3), (46)

so that one point in cartesian coordinates corresponds to only one point in curvilin-
ear coordinates, and conversely. As derivatives of functions occur in grad, div, and
curl, it is necessary that the coordinate functions x;, x;, and x3, as functions of ¢,
¢», and g3 in (45), are all suitably differentiable with respect to their arguments.
Taking the total differentials of the coordinate transformations in (45), we have

dxy = —dq1 + —dqp + —dqs, dx,=_—dq+ —dgq+ —dqg;
q1 q2 q3 1 q? q3

dxs = —dq1 + —dq + 761613.
3
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These results can be written in the matrix form
dx = Jdq, (48)
where

3)61 3x1 8x1

g g 9gs

dX1 dql 3)(2 3x2 axz
dx=|dx |, dq=|dg|, and J=|_— — (49)

dxs dgs g1 9q  9q3

3X3 BX3 8X3

0q1 0q2 g3

The matrix vector linear differential elements dx and dq will be uniquely related
by (48) provided matrix J is nonsingular, so the coordinate transformations (45)
must be such that J = det J # 0, where

3)(1 3x2 8x3
dq1  9q1  Oqu
b 0 b
J=| 2 oxl (50)
0@ 0q2 9q
8X1 8X2 3X3
dgs  9gq3  9qs

The determinant J is called the Jacobian of the transformation, and it will be
shown later that the absolute value of the Jacobian occurs as a scale factor in the vol-
ume element in orthogonal curvilinear coordinates. Thus, the vanishing of the Jaco-
bian signifying nonuniqueness in the transformations (45) and (46) also corresponds
to the failure of the curvilinear coordinate system to define a volume element.

CARL GUSTAV JacoBl (1804-1851)

A German mathematician who studied at the University of Berlin and obtained his doctorate in
1825. In 1827 he was appointed Extraordinary Professor of Mathematics at Konigsberg and,
after two years, he was promoted to Ordinary Professor of Mathematics. In 1842 he moved to
Berlin where he remained until his death. His most important work was in connection with
elliptic functions, but he also made important contributions to number theory, ordinary and
partial differential equations, and the calculus of variations. He was an outstanding teacher of
mathematics.

Keeping ¢ and ¢q; + dq; constant defines two curvilinear surfaces in space,
and four further curvilinear surfaces are defined by keeping ¢, and ¢, + dg, con-
stant, and g3 and g3 + dg; constant. Taken together, the region between these six
curvilinear surfaces defines the volume element dV in space shown in Fig. 11.14.

Allowing ¢; to vary while holding ¢, and g3 constant in (45) will generate a
curvilinear coordinate line in space along which only g; changes. Similarly, allowing
q» to vary while holding ¢; and g3 constant, and then g3 to vary while holding ¢; and
q» constant, will generate curvilinear coordinate lines in space along which, respec-
tively, only ¢» and g3 vary. If a general point A in space shown in Fig. 11.14 is con-
sidered, there will be three curvilinear coordinate lines passing through the point.
A curvilinear coordinate system will be said to be an orthogonal system if at every
point in space the three tangents to the coordinate lines at their point of intersection
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FIGURE 11.14 The curvilinear volume element dV.

are mutually orthogonal (perpendicular). Such coordinate systems are also consid-
ered to be orthogonal if the orthogonality condition fails at a single point or along
a line. In what follows, only orthogonal coordinate systems will be considered.
With the linear differential length elements AA; = dl;, AA; = dl,, and AA; =
dls, the orthogonality of the curvilinear coordinate system implies that in terms of
curvilinear coordinates the linear volume element dV in Fig. 11.14 is given by

dV = dl, db, dls. (51)

Now, in Fig. 11.14, let A be the point (x1, x», x3) and A; be the point (x; +
dxi, x, + dxy, x3 + dx3), where dx;, dx,, and dx; are the linear differential elements
in cartesian coordinates. To find the linear differential length element d/; from A to
A, we apply the Pythagoras theorem to the mutually orthogonal linear differential
length elements dx;, dx,, and dx;, when we obtain

di} = dx} + dx3 + dx3, (52)
However along AA; only g varies, so as

0 0 )
dvi = “dg,  dv, = 2dgy,  dxs = —2dgy, (53)
gy oq 9

the square of the linear differential length element in (52) becomes

3X1 2 8x2 2 3X3 2
ar = (—) +<—) +<—> dq?. 54
! |: oq oq aq % S

Similar arguments show that if d/, and d/3 are the linear differential length
elements along AA; and AAsj, then

aX1 2 3)62 2 8X3 2
dé=|(=—) + <—) + =) |dg?, 55
2 |:<3Q2> g2 g2 2 (53)
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and

(56)

3X1 2 3X2 2 aX3 2
di? = <—> +(—) +(—> dqz.
’ |: g3 g3 g3 %

the scale factors We now adopt the standard notation and define the scale factors /,, /i, and A3,

I, h2, h3 with respect to the coordinates ¢, g2, and g3 in transformations (45), by
_ -1/2
ax\ 3%\ 3x3\
n=| () +Ga) +(Ga) &
|\ Iq Iq /) |
- —1/2
axy\* 3x\? ax3\°
o= () + () +(G2) 5
| \9q A2 992 ) |
_ —1/2
ax\* 3x\* ax3\°
w=| () +Ga) +(G2) ®
| \9g3 043 993 ) |

In terms of &1, hy, and &3 the linear differential line elements d/q, dl», and dls
in rectangular curvilinear coordinates defined in (54) to (56) become
dl; = h1dQ1, dly = hquz, dl; = hsdls. (60)
If the general linear differential length element from Ato Bin Fig. 11.14 is denoted
by ds, then as the coordinate system is orthogonal,

ds* = di} +di3 + di3, (61)

so it follows from (60) that

ds* = hidq} + h3 dqg; + h3 dgs. (62)
In terms of the scale factors the linear differential volume element dV in (51)
becomes

dV = hihyhs dq dqx dgs. (63)
It can be seen from this last result that the coordinate transformations (45) will
fail to define a volume element in curvilinear coordinates if a scale factor vanishes.
From the definitions of the scale factors, this can only happen if all of the partial
derivatives in a scale factor vanish, but when this occurs the Jacobian determinant
J will have a zero row, and so will also vanish. This is to be expected, because it is
known from calculus that when the Jacobian vanishes, the transformation between
the coordinate systems ceases to be one to one.

To understand the geometrical interpretation of the Jacobian, we make use of
the elementary result from vector analysis that the scalar triple product a - (b x ¢)
can be interpreted as the volume of the parallelepiped with sides given by vectors
a, b, and c that meet at a point. The value of this scalar triple product is equal to
the determinant with the elements of a, b, and ¢ as its first, second, and third rows,
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respectively. Considering dx;, dx,, and dx; in (47) as vectors in the curvilinear coor-
dinate system, we see that the linear differential volume element dV = dx;dx,dx;
can be written

axq 0xp X3 0x]; 0xp 0Xx3

Hag Zdg dg| |- 2 2

g1 Iq Iq g1 9q1  9q

3.7(1 sz 3)(3 3x1 3x2 ax;,

+dV = |—d —d —dp|=|— — —|dqidqgdgs.

R P P F P P e R (64)

a d d 0 d d

T P o L O

9qs 943 943 dgs  9q3  9qs
the Jacobian and As a volume element is essentially nonnegative, this can be expressed in terms
the volume element of the Jacobian J of the transformation as

dV =+Jdq1 dq, dgs, (65)

where the sign in (65) is chosen to make the expression on the right positive. A
comparison of (63) and (65) then shows that the absolute value of the Jacobian J
is equal to the product of the scale factors forming the scale factor for the linear
volume element dV, and so

hihyhs = £J, (66)
where the sign is chosen to make the expression on the right positive.

PETTITEIEPI Find the scale factors, the linear differential length elements along the curvilinear
coordinate lines, the square of the general linear differential length element ds, the
linear differential volume element dV, and the Jacobian for (a) cylindrical polar
coordinates and (b) spherical polar coordinates.

Solution

(a) In cylindrical polar coordinates x = r cosf, y = r sin6, z = z, so to relate this
system to the general one just considered, we must make the identifications x; = x,
X, =y,x3=2q =r, q =0, and g3 = z. When this is done, substitution into (57)
to (59) shows that

/’llzl, /’lzzr, h3:1,

so from (60) the linear differential length elements along the curvilinear coordinate
lines are

dly =dr, dlh=rdo, d;=dz

It then follows from (62) that the square of the general linear differential length
element ds is

ds®> = dr? + r* do* + dz,

and from (63) that the linear differential volume element in terms of cylindrical
polar coordinates is

dV =rdrdfdz.
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The Jacobian of the transformation

cos sind O
J =|-rsinf rcosd 0| =r,
0 0 1

in agreement with (66).

The transformation ceases to be one to one when r = 0, because then /4, = 0,
though this is to be expected because r = 0 is the z-axis along which 6 is indetermi-
nate.

(b) In spherical polar coordinates x = rsinf cos¢, y = rsinésin¢, z =r cos#,
so to relate this system to the general one just considered we must make the identi-
fications xy = x,x, = y,x3 = 2,q1 =1, ¢» = ¢, and g3 = 0. When this is done, sub-
stitution into (57) to (59) shows that

hi=1, hy=r, hz=rsino,

so from (60) the linear differential length elements along the curvilinear coordinate
lines are

dly =dr, dl,=rd¢, dlz=rsin6do

Asin (a),it follows from (62) that the square of the general linear differential length
element ds is

ds* = dr? + r?sin® 0 do? + r* d¢*

and from (63) that the linear differential volume element in terms of spherical polar
coordinates is

dV =r’sin6 dr do dg¢.

The Jacobian of the transformation

sin 0 cos ¢ sin 6 sin ¢ cos 6
J = |—rsinfsin¢g rsinbcosq 0 = —r?sing,
rcosfcos¢p rcos@sing —rsinf

and in agreement with (66) we see that hihyhs = |J| = r?sin ¢.

The Jacobian vanishes when r = 0, causing 4, and /3 to vanish, but this corre-
sponds to the origin where 6 and ¢ are indeterminate. The Jacobian also vanishes
when ¢ = 0 and ¢ = =, corresponding to points on the z-axis where 6 is indeter-
minate. u

To derive the form of the gradient, divergence, curl, and Laplacian operators

in rectangular curvilinear coordinates, it is necessary to introduce the triad of unit

vectors eq, e;, and e; at a general point (qfo), qéo), qgo)). Here, e, is tangent to the ¢;

coordinate line, e; is tangent to the g, coordinate line, and ej is tangent to the g3 co-

ordinate line at the point (ql(o), qz(o), qgo)). If we denote a general vector in curvilinear

coordinates by q(q1, ¢2, g3), the vector forms of the three coordinate lines become

(0) (0)) ’

q=q(q.9". a5 . q2.43").

q=9(q". ¢ ¢ O 0 ).

and q = q(ql () qz I QS
(67)
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As aresult, the vectors e, e;, and e; are, respectively, parallel to the derivatives

9q/9q1,0q/3q2,and dq/dqs at the point (qfo), qéo), qgo)). The scale factors along these

coordinate lines are Ay, h;, and A3, it follows that the unit vectors at (qf)), qéo), q30))

Za_q/'a_Q, za_q/‘a_q, and e3=8_q/’8_q,
ag1/ |9q1 g/ |9q g3/ |9g3

where, of course, the scale factors &1, hy, and h3 are given by

are

) ) b

g1 0 3613
so that

1 aq 1 9q 1 9q

Bl = (68)

——L e=—— e3=——1.
hi 0q T oq T g3

It is important to recognize that unlike the unit vectors i, j, and k, which are
parallel to the fixed x-, y-, and z-axes so their derivatives are zero, the unit vectors
e1, ey,and e; in curvilinear coordinates are functions of position, so when finding the
form of vector operators, we must take into account the derivatives of e1, e, and e3.

Gradient, divergence, curl, and Laplacian in general rectangular curvilinear coor-
dinates Let the scalar function f(q1, ¢2, g3), and the vector function

F = Fi(q1. ¢2. ¢3)e1 + Fa(q1. 2. g3)e2 + F3(q1, q2. g3)es

be suitably differentiable functions of the rectangular curvilinear coordinates qi, g2,
and g3, where e; is the unit vector in the direction of increasing ¢, e; is the unit
vector in the direction of increasing ¢,, and ej3 is the unit vector in the direction of
increasing g3 at the point (g1, g2, ¢3). Then:

1 af 1af | 10f

(i) rad f = e +e +e
grad f = "moog T Chyoq | hs dgs

. 1
(i) divF= (hthFl) - _(hthFZ) = _(h1h2F3)
h1h2h3

hier hyex  hzes

1 d d ad
hihohs | 91 dq2 O
mF hFE hFs

A= 1 |:i<h2h38)+i<h1h33>+i<h1h28)i|
(iv) ~ hhahs [3q \ b aqu hy dqa hs g3

(the Laplacian operator)

(iii) curlF =
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Proof

(i) To find grad f = ; j it Mz J + 95 A7k in terms of curvilinear coordinates it is
necessary to find the components of this vector in the ey, e, and e3 directions, and
then to use them as the components of a vector expressed in terms of curvilinear

coordinates. As only g varies in the direction of ey, it follows from the first equations

in (46) and (68) that
1 /ox 0x 0x
hi \oq1 ~ aq1”  Oq

Thus, the component of grad f in the direction of the unit vector e; is

o b0, O b O ) LIS

e -gradf = ,
1gradf = hy (3)61 dq1  9x20q1  0x3 dqn hy 0qq

where the last result follows directly from the chain rule.

Corresponding results apply for the components of grad f in the directions of
the unit vectors e; and es, so if we use these results as the components of grad f in
curvilinear coordinates, it follows that

Lf L 1 1af

rad f = e +e +
grad = "moog T Chyoq s ogs

and result (i) is established.

In what follows, for conciseness when establishing results (ii) to (iv), the op-
erator notations V - () and V x (-) will be used to signify the divergence and curl
operators.

(ii) As e, ey, and e3 are orthogonal unit vectors e; = e, x es. By identifying f in
(i) with ¢; we see that e; = h1 Vg, and, similarly, by identifying f with ¢, and g3 it
follows that e, = h, Vg, and e; = h3Vgs, and so e; = hyhsV gy x Vgs.

To find div F it is necessary to compute V - (Fie; + Fe; + Fses) taking into
account the dependence of ej, e;, and e3 on position. Because of the linearity of
the divergence operator, this can be accomplished by taking the divergence of each
term in F = Fye; + F,e; + F3es and then summing the results. The divergence of
the first term is given by V - (Fie;) = V - (Fihyhs Vg, x Vgs), so using result (iii) of
Theorem 11.6, this becomes

V. (Flel) = Flhih,V - (qu X VQ3) + (VqZ X VCB) . V(Flhlhz).

However, applying result (v) of Theorem 11.7 to the term V - (Vg, x Vg3) and
using the fact that curl(grad ¢,) = curl(grad ¢3) = 0 simplifies this result to

V. (Flel) = (qu X VQ3) . V(Flhll’lz),
but e; = hh3Vq, x Vg3, and so

1
V- (Fie1) = ——e; - V(Fihoh;3).
(Frer) Tk (Fihohs)
In the proof of (i) we saw that
1 af
. d el
e -grad f hy aq

so identifying f with Fjhyhs we find that

1 a(Fihohs)

V - (F =
(Fre) =3 oa
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Corresponding results apply to V - (F>e;) and V - (Fzes),so summing the results
we arrive at result (iii).

(iii) To find curl F it is necessary to compute V x (Fie; + F>e, + F3e3),so0as curlis
a linear operator, we may compute the curl of each termin F = Fie; + Fre; + Fzes
and then sum the results. Considering the term V x (Fje;) and writing e; = 1 Vg,
we find that V x (Fie;) = V x (FiliVqp). Applying result (iii) of Theorem 11.7 to
this last result, we find that

V x (Fle1) = F1h1V X (V(h) — (V(h) X (VF1h1),
but V x (Vg;) =0, and so
V x (Flel) = —(Vql) X (VFlhl)

Now Vg; = e/ hy, so if we reverse the sign in the preceding result and com-
pensate by interchanging the order of the factors, the result becomes
1 a(Fihy) e 1 a(Fihy) e 1 8(F1h1)}
X
Y oan ‘ne g s 9gs hy’

V x (Fiey) = |:

and so using the orthogonality of the unit vectors ey, e;, and e3;, which implies
e; xe; =0,e, x e = —e;3, and e; x e; = e,, this becomes

VX(F1e1)—ez ( 1 1) ( 1 1)

hh8 hha

Corresponding results exist for V x (F,e;) and V x (F3e3), so combining them we
find that
)

1
VxF= —
X e — (1 F) Shh (1 Fi)+e;—

hh3 Q2 hh8

—(22)+61h1h i(3%)—82 (33)

h2h3 hihs 0qa

This last result is seen to be the expansion of the determinant in (iii), so the proof
is complete.

(iv) The Laplacian operator

A=V [e L +e L +e ! 3}
=V.-|leg——+e——+e3——
hy 0qq ho 02 h3 0q3

di 1 9 n 1 0 n 1 9
=div|iee—— +e,—— +e3—— |.
" oq1 hy oq hs g3

Using result (ii) of the theorem with the operator i i in place of Fj, the operator

1 9

g in place of F; and the operator 7 3q; 1 place of F3, we arrive at result (iv).

Find the forms taken by grad, div, curl, the Laplacian, and the Laplacian operator
in (a) cylindrical polar coordinates and (b) spherical polar coordinates.

Solution (a) Using the notation of Example 11.22 and the scale factors 4; = 1,
h, =r, and h3 =1 found in that example, routine calculations show that in
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cylindrical polar coordinates, when F = F,e, + Fye, + Fee,,

af 1af af
df=— - —
grad f arer+r89e0+azez
19(rF, 10F OF,
dive = L00F) 108 oF
r ar r 90 0z
e re; e,
1
curl F = — i i i
r|or 00 0z
F rFy F
19 [ of 13%f 9°f
Af=-—\r=|+5:5+55
f ror <r8r)+r2 002 972

A Lo 9 + Lo + ” (Laplacian operator)
=-——|r— ST+ 1 .
ror \ or r2 962  9z2 P P
(b) Again using the notation of Example 11.21 and the scale factors h; =1, hy =
rsin¢, h3 = r found in that example, routine calculations show that in spherical
polar coordinates, when F = F.e, + Fyey + Fyey,
af 19f 1 af

rad f = —e, + -—e+ ———e
grad f = o+ et T ne 96

1 0(r’F, 1 9 . 1 OF,
divF = — r’F) — —(Fysinf) + — e
rz  or rsiné 00 rsing 9¢
e, rey rsinfey
1
curl F = g g i ;

r2sinf |ar 090 A
F. rFy rsinfF,
19 9 1 9 9 1 92
Af:——(rz—f>+ - —(sin@—f)+ !

r2sin’ 6 F&

A—la r28 + L2 Sin9a + ! -
T r2or or r2sin6 90 90 r2sin’ 6 0>

(Laplacian operator). m

Descriptions of general orthogonal curvilinear coordinates and the form taken by
vector operators in different coordinate systems are to be found in references [1.3]
and [5.2], whereas applications to continuum mechanics are to be found in reference
[5.4] and to hydrodynamics in reference [6.5]. Further information can also be found
in Chapters 23 and 24 of reference [G.3].

Summary After introducing the concept of general orthogonal curvilinear coordinates, this section
then derived expressions for grad, div, curl, and the Laplacian operators in terms of these
coordinates. Because of the importance of cylindrical and spherical polar coordinates in
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applications, these operators were then expressed in terms of cylindrical and spherical

polar coordinates.

EXERCISES 11.6

. Write out the results of Theorem 11.6 using the opera-
tor notation V(.), V - (.), V x (.) in place of grad, div, and
curl.

. Write out the results of Theorem 11.7 using the opera-
tor notation V(.), V - (.), V x (.) in place of grad, div, and
curl.

. Complete the calculations leading to the results of
Example 11.22(a) for cylindrical polar coordinates.

. Complete the calculations leading to the results of
Example 11.22(b) for spherical polar coordinates.

. Show the curvilinear coordinate system defined in the re-
gion g3 > 0 by the equations x; = ¢1 — ¢, X2 = ¢1 + @2,

and x; = sinhg; is orthogonal. Find the scale factors
hy, hy, hs, grad f, and div F.

. Show that the parabolic cylindrical coordinates (u, v, z)

defined by the equations x = 1(u? —v?), y=uv,z=1z
are orthogonal. Find the scale factors Ay, hy, h3, and
V2 f.

. Show that the elliptic cylindrical coordinates (&, 1, z) de-

fined by the equations x = cosh & cosn, y = sinh & sin 7,
z=zfor0 <& <o0,—m <n<m,—00 <z < o0are or-
thogonal. Find the scale factors k4, h,, h; and state the
shapes of the surfaces & = constant and 7 = constant and
find grad f.
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CHAPTER

Vector Integral Calculus

hen working with the fundamental conservation laws governing engineering and

physics, problems often arise that lead to the integral of the divergence of a vector
function F over a volume V. The Gauss divergence theorem enables the integral of div F
over volume V to be replaced by the integral of the normal component of F over the
surface S enclosing V. This result simplifies calculations, because F is usually only known
in general terms, whereas in physical problems the value of the normal component of F
on S is known from the conditions of the problem.

Another vector quantity that arises naturally in engineering and physics is the vector
function curl F, and when this occurs it is often necessary to integrate the normal com-
ponent of curl F over an open surface S. This happens, for example, in fluid mechanics
when working with the vorticity and circulation of a fluid. Stokes’ theorem replaces the
evaluation of the integral of the normal component of curl F over the open surface § by
a directed line integral of F around the curve I forming the boundary of S. Here also a
simplification results, because once again the vector function F on surface S is usually only
known in general terms, whereas in physical problems its value on I is specified. Green’s
theorem in the plane is a two-dimensional form of Stokes’ theorem, and it has many uses
throughout engineering, physics, and mathematics.

The three most important vector integral theorems due to Gauss, Green, and Stokes
are derived, followed by the derivation of two important integral transport theorems that
play an essential role in mechanics, fluid mechanics, chemical engineering, electromag-
netism, and elsewhere. After a review of the background of the vector integral calculus,
and an introduction to the concept of an orientable surface, the Gauss divergence theorem
and the theorems due to Green and Stokes are proved and applied.

The two fundamental integral transport theorems that are derived and applied are the
flux transport theorem, which determines the rate of change of flux passing through an
open surface bounded by a moving space curve, and Reynold’s transport theorem, which
concerns the rate of change of a volume integral when the volume is contained within a
moving surface.

677
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& Background to Vector Integral Theorems

three important
theorems

Information Provided by Vector
Integral Theorems

hysical problems in two and three space dimensions often give rise to integrals

with integrands that are determined by a vector field F defined over the region
of integration. The most important of these integrals involves either the integration
of div F over a finite volume V/, or the integral over a finite open surface S in space of
the component of curl F normal to S. The objective of this chapter will be to prove
some fundamental integral theorems of this type due to Gauss, Stokes, and Green
called, respectively, the Gauss divergence theorem, Stokes’ theorem, and Green'’s
theorems. In addition, as optional material, what is called the flux transport theorem
and the volume transport theorem will be proved and, as applications, used to derive
some fundamental properties of fluid mechanics.

It will be shown that the Gauss divergence theorem, often abbreviated to the
divergence theorem or Gauss’ theorem, relates the integral of div F over a volume V
to the integral over the closed surface S enclosing V' of the component of F normal
to S. Thus, Gauss’ theorem allows a volume integral of this type to be replaced by a
simpler surface integral. Stokes’ theorem, which will also be proved in Section 12.2,
is of a different nature, in that it relates the integral of the normal component of
curl F over an open surface S in space bounded by a closed space curve I to the
line integral of the tangential component of F around I'. So, in the case of Stokes’
theorem, a surface integral of a special type over Sisrelated to asimpler line integral
around the closed space curve I' that forms the boundary of S. Green’s theorem in
the plane is the two-dimensional form of Stokes’ theorem, and a typical application
is to be found in Chapter 14, where it is used in the proof of the Cauchy integral
theorem for the integration of complex analytic functions.

Also proved will be two other theorems known as Green’s theorems, though
these results are also known as Green’s identities or Green’s formulas. They relate
integrals of Laplacians of scalar functions ® and W over a volume V to the integral
over the surface S enclosing V of the derivatives of these functions normal to
S. Green’s theorems are used extensively when working with partial differential
equations involving the Laplacian operator, because they can be used to replace
the integral over a volume V of a solution of Laplace’s equation that is to be
determined by the integral of the normal derivatives of the solution over § that
occur as a prescribed boundary condition that must be satisfied by the solution.

A common feature of these theorems is that each frequently replaces an integral
of a special type over a region (a volume or an open surface) by a simpler integral
over the boundary of the region (a closed surface or a closed space curve), thereby
reducing by one the number of dimensions involved in the integration. The integral
can then be evaluated by using whichever of the two equivalent expressions is easier.
When used with partial differential equations involving the Laplacian operator,
Green’s theorems typically allow integrals of unknown functions over a region to
be replaced by simpler integrals of known functions over the boundary of the region.

The two transport theorems proved in Section 12.3 relate to the determination
of the derivative with respect to time of surface and volume integrals of time-
dependent integrands when the surface or volume involved moves with time. The
flux of a vector F across a surface S is the integral over § of the component of
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FIGURE 12.1T A Mobius strip.

F normal to S. The flux transport theorem describes the rate of change of the flux
of F across S, taking into account the time dependence of F and the motion of S.
A typical example of this type occurs when current is induced in a coil of wire
moving in a magnetic field, because the current depends on the rate of change of
magnetic flux through the moving coil.

The volume transport theorem describes the time rate of change of a volume
integral due to the time dependence of the integrand and the motion of the volume
over which integration takes place. A typical application of this theorem arises in
fluid mechanics where the boundary of a volume of interest relating to a certain
feature of the fluid flow does not move in the same way as the fluid, so that a flow
takes place through the surface that encloses the volume.

Surfaces and Orientation

Section 12.2 is concerned with surfaces that have two sides and makes use of the
normal at each point on such surfaces. It might seem unnecessary to define two-
sided surfaces, but it is necessary because pathological surfaces exist that only have
one side, and these must be excluded from the theorems of Section 12.2.

An example of a one-sided surface is provided by the Mobius strip shown in
Fig. 12.1. This strip can be considered to be formed from a long strip of paper, the
ends of which are joined after making a 180° twist in the paper about its longitudinal
center line. Its one-sided nature can easily be verified by drawing a pencil line around
the center line of the strip, because eventually the line will connect with the starting
point, and if the strip is cut and opened out, examination will show a pencil line on
both sides of the paper.

When deriving the Gauss divergence theorem, it will be necessary to work with
a closed two-sided surface S, the interior of which contains the volume V of space
that will concern us. A vector element of area of such a surface will have magnitude
dS and an associated unit vector n normal to dS. As the normal n at a point on
a two-sided surface S enclosing a volume V may be directed away from either
side of S, it is necessary to adopt a standard convention for the direction of n and
the vector element of area dS = nd S on S. The normal n at a point on such a surface
will always be chosen to be directed out of V. So if, for example, V is a sphere, the
normal n at any point of its surface will be along a radial line drawn outward from
the center of the sphere.

A two-sided open surface S bounded by a non-self-intersecting space curve I' is
a surface that does not have an interior, and so does not enclose a volume V. When



